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Abstract 
 
Methylated sulfur compounds play pivotal roles in the global sulfur and carbon cycles 
and contribute to global temperature homeostasis. Although the degradation of these 
molecules by aerobic bacteria has been well studied, relatively little is known regarding 
their fate in anaerobic ecosystems. The methanogenic archaeon Methanosarcina 
acetivorans uses a variety of methylated sulfur compounds as carbon and energy 
sources. Previous studies implicated the mtsD, mtsF and mtsH genes in catabolism of 
dimethylsulfide, but the genes required for use of other methylsulfides have yet to be 
established. In particular, the molecular mechanisms for metabolism of dimethylsulfide, 
methanethiol and methylmercaptopropionate (MMPA) by strictly anaerobic methanogens 
of the genus Methanosarcina have yet to be identified. Here, we show that a four-gene 
locus, designated mtpCAP-msrH, is specifically required for the growth on MMPA. The 
mtpC, mtpA and mtpP genes encode a putative corrinoid protein, coenzyme M (CoM) 
methyltransferase and Major Facilitator Superfamily (MFS) transporter, respectively, 
while msrH encodes a putative transcriptional regulator. Mutants lacking mtpC or mtpA 
display a severe growth defect in MMPA medium, but are unimpaired during growth on 
other substrates. The mtpCAP genes comprise a transcriptional unit that is highly and 
specifically up-regulated during growth on MMPA, whereas msrH is monocistronic and 
constitutively expressed. Mutants lacking msrH fail to transcribe mtpCAP and grow 
poorly in MMPA medium, consistent with its assignment as a transcriptional activator. 
The mtpCAP-msrH locus is conserved in numerous marine methanogens, including 
eight Methanosarcina species that we showed are capable of growth on MMPA. Mutants 
lacking the mtsD, mtsF and mtsH genes display a 30% reduction in growth yield when 
grown on MMPA, suggesting that these genes play an auxiliary role in MMPA catabolism. 
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A quadruple DmtpCAP, DmtsD, DmtsF, DmtsH strain was incapable of growth on MMPA. 
Reanalysis of mtsD, mtsF and mtsH mutants suggests that the preferred substrate for 
MtsD is dimethylsulfide, while the preferred substrate for MtsF is methanethiol.  
Moreover, we demonstrated that MtpA catalyzes a robust methylcob(III)alamin: 
mercaptopropionate(MPA), generating equal molar of MMPA and cob(I)alamin, but not 
methylcob(III)alamin: CoM methyl transfer reaction, suggesting that MtpA is an MMPA-
specific MMPAcobalamin methyltransferase. MtpA catalyzed the methylcobalamin: 
MPA methyl transfer reaction with an apparent Km for MPA at 12 µM, kcat at 0.315 s-1, 
with equal molar consumption of MPA and production of MMPA. Co-streptavidin 
precipitation of MtpA revealed that it co-purifies with MtpC and MtsF, raising the 
possibility that MtsF is a methyltransferase for methylcobalamin: CoM methyl transfer 
reaction. Our genetic analysis of deletion mutants of Methanosarcina acetivorans also 
revealed that ramS2 is necessary for DMS metabolism, and contribute to MMPA 
metabolism. Taken together, these discoveries established the molecular mechanisms 
of metabolism of methylated sulfur compounds in Methanosarcina. These new pieces of 
knowledge will aid the development of predictive sulfur cycle models, and enable 
molecular ecological approaches for the study of methylated sulfur compounds in 
anaerobic ecosystems. 
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Chapter 1: Introduction 
Methanogenesis, the biological production of methane, is catalyzed by a group of 
strictly anaerobic Archaea called the methanogens, or the methanoarchaea. The origin 
of methanogens dates back to the beginning of microbial living forms on this planet at 4 
billion years ago, when the primordial atmosphere was dominated by nitrogen gas, 
carbon dioxide, water vapor, and sulfur dioxide. It was a barren scene. Life didn’t appear 
until around 3.8 billion years ago, and free oxygen was not produced until 2.8 billion 
years ago. During this anoxic period, only living organisms capable of anaerobic 
metabolism could survive. Methanogens are postulated to be one of earliest living forms, 
based on carbon isotope fractionation evidence suggesting that methanogens existed as 
early as 3.4 billion years ago [16]. Methanogens have been proposed to be the ancestral 
archaea, with presence of Ech (Energy-conserving hydrogenase), sodium-proton 
antiporter and ATPase, growing on carbon dioxide and natural proton gradients next to 
alkaline hydrothermal vents [16]. 
Nowadays, however, methanogens are widespread in diverse artificial and natural 
habitats, including anaerobic digestors, freshwater sediments and soils, marine habitats, 
animal gastrointestinal tracts, and also in extreme environments such as hydrothermal 
vents and tundras [36].  
Due to their widespread distribution and unique metabolic capabilities, methanogens 
have huge implications for the global elemental cycle, thus are related to a plethora of 
public concerns, including global warming, wastewater treatment, and green economy. 
More recently, the potential involvement of human-related methanogens for human 
health is also under investigation [4, 30]. To provide educated solutions to these issues, 
it is important to understand the metabolism of methanogens.  In this thesis, I focus on 
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methanogens in marine environments, particularly those relying on the methylotrophic 
pathway. 
1.1 Metabolism of methanogens in marine environments 
Marine environments pose dramatic challenges to all life forms. One thing that stands 
out compared to terrestrial environments is the high salinity, with major ions 
concentrations of [Na+] = 481 mM, [K+] = 10 mM, [Mg2+] = 54 mM, [Ca2+] = 11 mM, [Cl-] = 
559 mM, and [SO2-4] = 29 mM [27]. To adapt to the high salinity environment, organisms 
accumulate various types of osmolytes inside cells, such as glycine-betaine, 
trimethylamine N-oxide (TMAO), dimethylsulfoniopropionate (DMSP) and other organic 
solutes. Interestingly, several degradation products of these osmolytes are also growth 
substrates for methanogens.    
For methanogens in marine environments, one of the major competitors are the 
sulfate reduing bacteria because the latter effectively outcompete the methanogens for 
available acetate and H2. The biochemical basis for the success of sulfate-reducing 
bacteria in scavenging H2 appears to be the increased affinity that sulfate-reducing 
bacteria have for H2 as compared to methanogens. When H2 levels are below 5 to 10 µM, 
as they often are in sulfate-rich environments, methanogens are no longer able to grow 
since their H2 uptake systems do not function at such low H2 concentrations. Sulfate 
reducers, on the other hand, can grow at these low pressures of H2, effectively 
preventing H2-mediated methanogenesis. Acetate utilization is also more efficient in 
sulfate-reducing bacteria. The affinity for acetate of some sulfate-reducers is over ten 
times higher than that of methanogens. Even among methanogens, methanogens with 
cytochromes have considerably higher growth yields and threshold concentrations for H2 
than those without cytochromes [33]. Therefore, under the natural conditions, 
methanogens with cytochromes cannot compete for H2. Because of all these factors, in 
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the upper layer of marine sediments where sulfate concentration is high, 
methanogenesis is restricted to the so-called ‘non-competitive’ methylated substrates, 
such as methanol, methylamines and methylated sulfur compounds. These methylated 
substrates are used by methanogens via methylotrophic pathway (Fig 1.1). 
  
Figure 1.1. Methylotrophic pathway. C1-compounds, shown here as CH3X can be 
disproportionated to CH4 and CO2 in a 3:1 ratio. Steps not required in this pathway are shaded in 
grey. Abbreviation: MF, methanofuran; H4SPT, tetrahydrosarcinapterin; CoM, Coenzyme M, or 
mercaptoethylsulfonic acid; CoB: 7-mercaptoheptanoylthreoninephosphate; MP, 
methanophenazine. Figure adapted from [11]. 
 
Non-competitive substrates originate from diverse precursors. Methanol arises from 
hydrolysis of methylated compounds such as pectins, which are linear polysaccharides 
derived from galacturonic acid units, where some of the carboxylic acid groups are 
esterified with methanol (Figure 1.2). Methylated amines, including trimethylamine, 
dimethylamine and monomethylamine, are anaerobic breakdown products of choline or 
glycine-betaine. Choline is a constituent of the important lipid lecithin, and may be 
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readily broken down to trimethylamine. Glycine-betaine, as mentioned above, is a 
common osmolyte inside the cells of many marine organisms. Trimethylamine N-oxide is 
also a common osmolyte in fish, and can be readily reduced to trimethylamine by 
anaerobic microorganisms. Methylated sulfur compounds, including dimethylsulfide 
(DMS), methanethiol (MeSH) and methylmercaptopropionate (MMPA), are derived from 
DMSP, a major osmolyte found in algae, diatoms and some plants. The significance of 
DMSP and related sulfur species will be discussed in the next section. 
 
Figure 1.2. Precursors of C1-compounds known to be substrates for methanogens in 
marine environments.  The methyl groups are highlighted in red. Methanosarcina acetivorans 
C2A is one of the most metabolically diverse methanogens, whose substrate range includes 
acetate, methanol, trimethylamine, dimethylamine, monomethylamine, DMS, MMPA and MeSH.  
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1.2 Methylated substrates, global sulfur cycle and climate 
change 
DMS and related methylated sulfur compounds are deeply embedded in the 
biosphere. DMSP production is estimated to account for 1 to 10% global primary 
production. DMSP is degraded via two distinct microbial metabolic processes: the 
cleavage pathway and the demethylation pathway. The majority of DMSP (50 to 90%) is 
degraded via the demethylation pathway, producing MMPA, which is subsequently 
converted to 3-mercaptopropionate (MPA) or MeSH. MMPA and MeSH could be 
assimilated by marine microorganisms, thus retaining sulfur in the marine microbial food 
web. The cleavage pathway, on the other hand, generates volatile DMS, which is the 
primary contributor to the ocean-atmosphere sulfur flux and a precursor to aerosol 
particles that facilitate cloud condensation, thus contributing to the global temperature 
homeostasis [3].  
DMS is not the only connection between microbial activity and climate, however. 
Recent work with the CLOUD (Cosmics Leaving Outdoor Droplets) chamber at the 
CERN (Conseil Européen pour la Recherche Nucléaire) demonstrated that trace 
amounts of dimethylamine greatly facilitate cloud formation [1], and it is postulated that 
trimethylamine and monomethylamine share similar effects (personal correspondence 
with Dr. Jasper Kirkby). This possibility indicates that the potential interactions between 
microbes and climate are more complex than imagined. 
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Figure 1.3. Methylated sulfur compounds and methanogens are imbedded in the 
element cycle of the biosphere.  DMS represents major sulfur flux from ocean to air to land; 
MMPA is retained in the marine food web. DMS is also a foraging info-chemical for seabirds and 
marine mammals. Abbreviations: DMSP, dimethylsulfoniopropionate; DMS, dimethylsulfide; 
MMPA, methylmercaptopropionate. Figure adapted from [5].  Left-bottom: image of the earth 
photo taken by Apollo 17; Right-bottom: image of M. acetivorans C2A with its natural 
fluorescence due to the coenzyme F420.  
 
The branching point to either DMS or MMPA from DMSP attracted researchers’ 
attention because DMS contributes to the ocean-atmosphere flux while MMPA is 
retained in the ocean food web. Moreover, methanogenic consumption of DMS not only 
lessens the ‘climate-cooling’ effect, but produces more methane, a greenhouse gas 
twenty times more potent than carbon dioxide.  
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1.3 Entry of C1-compounds into methylotrophic pathway 
This thesis focuses on the utilization of methylated sulfur compounds by 
Methanosarcina acetivorans C2A. Before delving into the molecular mechanisms, it is 
important to review what was known about the mechanisms for methanogenic 
catabolism of C1-compounds in general.  
In methylotrophic methanogens, the methyl moiety from C1-compounds such as 
methanol, methylamines and methylsulfides, is channeled into methanogenesis via 
transfer from the substrate to coenzyme M (CoM) (reviewed in [13]). This C1 compound 
activation reaction is catalyzed by a series of substrate specific CoM methyltransferases. 
Typically, these enzymes consist of a two subunit methyltransferase 1 (MT1) component, 
which transfers the methyl group from the substrate to a corrinoid carrier protein, and a 
single subunit methyltransferase 2 (MT2), which then transfers the methyl group from 
the corrinoid protein to CoM (Fig. 1.4). A variation on this theme was discovered during 
characterization of a 480 kDa corrinoid protein purified from acetate grown 
Methanosarcina barkeri MS [31, 32]. This two-subunit enzyme complex comprised of the 
MtsA and MtsB proteins is capable of methylating CoM using either DMS or MMPA as 
substrates. It is believed that MtsA catalyzes the methyl-transfer reaction from DMS to 
the corrinoid subunit, MtsB, as well as the subsequent transfer from methyl-MtsB to the 
CoM [32]. Nevertheless, M. barkeri MS does not grow on either DMS or MMPA as sole 
energy and carbon source [31, 32]; thus the biological function of this interesting enzyme 
has yet to be established. A family of single subunit CoM methyltransferases, encoded 
by the MA0859, MA4384 and MA4558 loci of M. acetivorans, has also been 
characterized. These proteins are comprised of an N-terminal corrinoid domain and a C-
terminal MT2 domain. Genetic studies showed that these proteins are both necessary 
and sufficient for synthesis and catabolism of DMS, leading to their designation as MtsD, 
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MtsF and MtsH, respectively [25]. It was suggested that these proteins catalyze a 
DMS:CoM methyltransferase reaction analogous to that catalyzed by the MtsA/B system 
of M. barkei [32]. However, biochemical characterization of MA4384 (MtsF) showed that 
the enzyme is capable of catalyzing transfer of methyl groups from methyl-
tetrahydrosarcinopterin (H4SPT) to CoM. DMS also served as a methyl donor, but at 
slower rates, prompting these authors to rename the protein as CmtA [35]. Thus, 
although the MA0859, MA4384 and MA4558 loci are clearly involved in DMS 
metabolism, the detailed mechanisms remain obscure. Further discussions on these 
three genes are in section 1.5. 
Analysis of the M. acetivorans genome reveals numerous genes that appear to 
encode MT1/MT2 homologs, including ten MT1 methyltransferase subunits, fifteen MT1 
corrinoid subunits and thirteen MT2 proteins [10]. While most of these can be confidently 
assigned to known substrates, several remain unassigned. Among the known substrates 
used by M. acetivorans, only MMPA and MeSH have yet to be characterized at a genetic 
level. Thus, we suspected that some of the unassigned MT1/MT2 homologs might be 
involved in the use of these substrates. 
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Figure 1.4. Genes involved in the entry of C1-compound into methylotrophic pathways. 
Top panel, the scheme showing that the methyl group is transferred to a corrinoid protein before 
being transferred to the thiol moiety of coenzyme M (CoM-SH). Bottom panel, the gene loci 
identified in the genome of M. acetivorans C2A. The genes are color coded according to their 
specific substrates [10, 25]. Note that the function of those shown in black is unknown at the 
starting of this project. Besides, the genetic basis for MeSH and MMPA remain to be established. 
1.4 Previous studies on methanogenic metabolism of 
methylated sulfur compounds 
Methylated sulfur compounds represent the least characterized compounds, and part 
of reason is that the product of DMS or MeSH metabolism, hydrogen sulfides, are 
thought to be toxic for methanogens [25]. Nevertheless, no experimental evidence was 
provided to demonstrate the toxicity. 
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The biological transformation of methanethiol and dimethylsulfide to methane and 
carbon dioxide was first demonstrated in sediment slurries from both freshwater [37] and 
marine water environments [14]. The observation that methane production was inhibited 
by BES or molybdate suggested that this process involved methanogens [37]. Pure 
cultures of methanogens that grow on DMS and/or MeSH include Methanolobus taylorii 
GS-16 [14, 26], Methanolobus bombayensis [12], Methanosarcina siciliae T4/M [22, 23], 
Methanosarcina siciliae HI350 [22, 23], Methanosarcina sp. strain MTP4 [9], 
Methanosarcina acetivorans C2A [23], Methanohalophilus oregonense [19], and 
Methanohalophilus zhilinae  [20]. Later studies showed that Methanosarcina siciliae 
T4/M, Methanosarcina sp. strain MTP4 and Methanosarcina acetivorans C2A also grow 
on MMPA [34]. 
The molecular mechanisms for DMS and MMPA metabolism were initially proposed 
based on studies of Methanosarcina barkeri MS, an organism that is incapable of using 
DMS or MMPA as growth substrates. During growth on acetate, however, 
Methanosarcina barkeri MS cells express a 480-kDa protein that can methylate CoM 
with either DMS or MMPA [31]. Subsequent work showed that this 480-kDa enzyme is 
composed of two subunits, MtsA and MtsB, where MtsA is the methyltransferase and 
MtsB is the corrinoid protein. Purified MtsA was shown to demethylate DMS and to 
methylate CoM using free cobalamin as an intermediate methyl carrier. This 
phenomenon cannot be simply ascribed to the promiscuity of methyltransferase or the 
chemical similarity between methylated sulfur compounds and CoM, for two reasons. 
First, it is noticed that not every MT2 subunit is able to carry out both methyl-transfer 
reactions. For example, MtbA, the MT2 specific for methylamines, does not interact with 
DMS in any detectable manner [31]. Secondly, MtsA/B display substrate selectivity, 
highlighting their physiological relevance. For instance, among different methyl donors 
tested, MeSH (CH3SH), 2-methylmercaptoacetate (CH3SCH2COOH) and 2-
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methylmercaptoethanol (CH3SCH2CH2OH) were found to be 10-fold less effective as 
methyl donors than DMS (CH3SCH3), MMPA (CH3SCH2CH2COOH), and 3-methylthio-1-
propanol (CH3SCH2CH2CH2OH). It was also noted that DMSP does not serve as a 
substrate for MtsA/B [31]. 
1.5 MtsD, MtsF & MtsH: three paralogs, one function? 
MtsD, MtsF and MtsH are three proteins identified in the genome of M. acetivorans 
C2A with >54% identity with each other. All of them are composed of a corrinoid binding 
domain in the N-terminus followed by a methyltransferase-like domain in the C-terminus. 
As such, they were proposed as putative fused methyltransferase/corrinoid proteins. The 
functions of these proteins, however, are not clear. 
MA4384 (MtsF, CmtA) was first observed as one of the most abundant proteins from 
M. acetivorans when grown in 0.5 x 105 Pa (~0.5 atm) CO, based on a 2D PAGE 
proteomic analysis (35). Quantitative RT-PCR analyses, however, revealed that all three 
genes were up-regulated on CO-grown versus acetate-grown cells. Interestingly, MtsD 
was up-regulated on CO-grown versus methanol-grown cells, while MtsF was 
upregulated on CO-grown versus acetate-grown cells [18]. MtsF was also noticed to be 
highly expressed in TMA-grown cells [29]. Another peculiar observation is that M. 
acetivorans produces methanethiol and DMS, in addition to methane, acetate and 
formate, when CO is the sole substrate, with consumption of free sulfide in the medium 
[21]. The mechanism for this phenomenon is not clear, but it was suggested that this is 
an alternative route to regenerate free CoM when methyl-CoM is accumulated due to 
inhibition of Methyl-coenzyme M reductase by CO [28]. 
Two possible functions have been proposed for MtsD, MtsF and MtsH homologs. 
First, based on the observation that Mtr complex were down-regulated on CO-grown 
versus acetate-grown cells, it was suggested that MtsD, MtsF and MtsH might be an 
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alternative pathway for methyl transfer from Methyl-H4SPT to Methyl-CoM when CO 
inhibits methanogenesis [17]. Second, based on deletion analysis of mutants, they are 
shown to be involved in CO-dependent DMS production, and required for DMS-
dependent methanogenesis and growth [25]. 
The first proposal is supported by in vitro evidence. MA4384 was purified from E. coli 
and reconstituted with methyl-cobalamin [35]. This reconstituted protein indeed showed 
the methyl-tetrahydrosarcinapterin (CH3-H4SPT): Coenzyme M methyltransferase 
activity, with apparent Km value of 135 µM for CH3-H4SPT and 277 µM for HS-CoM. This 
protein also showed low levels of transient DMS:CoM methyltransferase activity. 
Different from the MtrA-H complex that is comprised of membrane-bound proteins, MtsD 
and its homologs are cytoplasmic. It was observed that CH3-H4SPT: Coenzyme M 
methyltransferase activity is more pronounced in the soluble fraction of CO-grown 
culture than that of the methanol-grown culture; therefore, MA4384 was renamed as 
CmtA (Cytoplasmic methyltransferase) [35]. 
On the other hand, evidences supporting the role of mtsD, mtsF and mtsH for DMS 
metabolism are far from satisfactory. The growth on DMS was so poor that only 
approximate doubling times were reported  [25]. For wild-type M. acetivorans C2A, it 
was around 60 h, while the doubling time for the mutants was nearly as long as 200 h. 
Nevertheless, the triple deletion mutants failed to grow within 6 months in numerous 
attempts  [25]. 
Regulation studies of mtsD, mtsF and mtsH genes at both transcriptional and 
translational levels lend support to the second hypothesis [2]. Transcripts of all three 
genes were shown to be the most abundant during growth on methanol supplemented 
with DMS, which is consistent with their role for DMS catabolism. At the mRNA level, 
mtsD showed highest expression on DMS or CO, while mtsF showed highest expression 
on methylamines [2]. In the previous report, MtsF is detected by its cognate anti-body 
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when M. acetivorans grown on TMA and CO, but not in methanol- or acetate- grown 
cells. It also suggested that MtsF was inhibited by the presence of MtsD while enhanced 
by MtsH [25]. Taken together, these data suggested a complex and intricate regulation 
revolving around mtsD, mtsF and mtsH. 
Even though MtsD, MtsF and MtsH were loosely lumped together and postulated to 
carry out similar reactions, several lines of evidence suggested that MtsD, MtsF and 
MtsH may play distinct physiological roles. First, deletion of mtsH alone abolished the 
production of DMS from carbon monoxide (CO), whereas deletion of mtsD or mtsF has 
limited effect on this phenotype [25]. Second, deletion of mtsF had no detrimental effect 
on the growth rate on DMS. Even more surprisingly, deletion of mtsF, mtsDF, mtsFH or 
mtsDFH increased growth rate on CO (30 h vs 23 h) [25]; while deletion of mtsD did not. 
Third, at the transcriptional level of regulation, mtsD, mtsF and mtsH all are up-regulated 
when supplemented with DMS; mtsD respond positively to TMA, while negatively to 
DMA; but mtsF respond positively to DMA. Translational fusion assay showed that both 
mtsD and mtsF respond positively to the presence of DMS. Remarkably, mtsF showed 
highest reporter gene activity on methylamines [2], which is consistent with a previous 
observation that MtsF is abundant from TMA-grown culture [29] while MtsH was not 
detected on any substrate. 
Recent work on ΔpylT strain revealed that MtsD and MtsF are the most up-regulated 
proteins, increased by 112- and 36- fold compared to the wild type strain, respectively. 
MtsF increased to 1.2% of the soluble proteome in ΔpylT from 0.03% in WT, and MtsD 
increased to 5.0% in ΔpylT compared with 0.04% in WT. Even more remarkably, MtsF is 
distinct on ΔpylT strain [24]. These data indicated that ΔpylT strains may switch to 
methylated sulfide metabolism; otherwise, mtsD, mtsF and/or mtsH are involved in 
complex regulatory mechanisms that are not fully understood. 
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1.6 Reductive activation systems for the corrinoid proteins 
In the corrinoid-dependent methyltransfer systems, the cobalt of the corrinoid cofactor 
is required to be in its highly reducing and nucleophilic Co(I) state. Because the 
reduction potential of Co(II)/Co(I) is extremely low (-525 mV at pH 7.5), it was postulated 
that oxidation of Co(I) may occur in the cells even under strictly anaerobic conditions (6, 
26). In the methionione synthase (MetH), the cobalt is estimated to be oxidized to Co(II) 
once per 2,000 turnovers [15]. Therefore, an “activation”’ mechanism is required to 
reduce the Co(II) into Co(I), thus maintaining the catalytic reaction cycle of the 
methyltransferase reaction.  
Earlier investigations suggested that a methyltransferase activation protein (MAP) 
was required for ATP-dependent reductive activation of the corrinoid protein, but the 
identity of this protein is unknown [6, 7]. To date, the only purified and identified protein 
that mediates activation of methylamine: CoM methyl transfer system is named as 
RamA (reductive activation of methyl transfer, amines). RamA is an iron-sulfur protein 
that can catalyze reduction of a corrinoid protein such as MtmC from Co(II) to the Co(I) 
state in an ATP-dependent reaction [8]. Several homologs of RamA were noted in 
genomes of methanogens, but their physiological functions are yet-to-be experimentally 
verified [8]. At the start of this project, the reductive activation systems for metabolism of 
methylated sulfur compounds DMS and MMPA were unknown.  
1.7 The scope and approaches of this project 
The goal of this project is to elucidate the molecular mechanisms of how 
methanogens metabolize methylated sulfur compounds. I attempted to identify the 
molecular basis of methyltransferase systems for the entry of MMPA and MeSH into 
methylotrophic methanogenesis, and the reductive activation systems for cognate 
corrinoid proteins.  
  15 
We hypothesized that MA4164-4166 are required for metabolism of methylated sulfur 
compounds, and that MA4167 encodes a regulator for the MA4164-4166 gene cluster. 
We also hypothesized that MtsD, MtsF and MtsH have distinct roles for the metabolism 
of methanogens, and that the homologs of RamA have distinct roles towards different 
corrinoid proteins. 
These problems were addressed in M. acetivorans C2A using a combination of 
genomic, genetic, transcriptomic and biochemical approaches, shedding light on the 
metabolism of methylated sulfur compounds, the underexplored substrates for 
methanogenesis.   
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Chapter 2: Genetic basis for metabolism of methylated 
sulfur compounds in Methanosarcina 
Copyright © 2015, American Society for Microbiology. Fu H, Metcalf WW. Genetic 
basis for metabolism of methylated sulfur compounds in Methanosarcina species. J 
Bacteriol. 2015 Apr 15;197(8):1515-24. 
2.1 Abstract 
Methanosarcina acetivorans uses a variety of methylated sulfur compounds as 
carbon and energy sources. Previous studies implicated the mtsD, mtsF and mtsH 
genes in catabolism of dimethylsulfide, but the genes required for use of other 
methylsulfides have yet to be established. Here, we show that a four-gene locus, 
designated mtpCAP-msrH, is specifically required for the growth on 
methylmercaptopropionate (MMPA). The mtpC, mtpA and mtpP genes encode a 
putative corrinoid protein, coenzyme M (CoM) methyltransferase and Major Facilitator 
Superfamily (MFS) transporter, respectively, while msrH encodes a putative 
transcriptional regulator. Mutants lacking mtpC or mtpA display a severe growth defect in 
MMPA medium, but are unimpaired during growth on other substrates. The mtpCAP 
genes comprise a transcriptional unit that is highly and specifically up-regulated during 
growth on MMPA, whereas msrH is monocistronic and constitutively expressed. Mutants 
lacking msrH fail to transcribe mtpCAP and grow poorly in MMPA medium, consistent 
with its assignment as a transcriptional activator. The mtpCAP-msrH locus is conserved 
in numerous marine methanogens, including eight Methanosarcina species that we 
showed are capable of growth on MMPA. Mutants lacking the mtsD, mtsF and mtsH 
genes display a 30% reduction in growth yield when grown on MMPA, suggesting that 
these genes play an auxiliary role in MMPA catabolism. A quadruple DmtpCAP, DmtsD, 
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DmtsF, DmtsH strain was incapable of growth on MMPA. Reanalysis of mtsD, mtsF and 
mtsH mutants suggests that the preferred substrate for MtsD is dimethylsulfide, while the 
preferred substrate for MtsF is methanethiol. Methylated sulfur compounds play pivotal 
roles in the global sulfur and carbon cycles and contribute to global temperature 
homeostasis. Although the degradation of these molecules by aerobic bacteria has been 
well studied, relatively little is known regarding their fate in anaerobic ecosystems. In this 
study, we identify the genetic basis for metabolism of methylmercaptopropionate, 
dimethylsulfide and methanethiol by strictly anaerobic methanogens of the genus 
Methanosarcina. These data will aid the development of predictive sulfur cycle models, 
and enable molecular ecological approaches for the study of methylated sulfur 
metabolism in anaerobic ecosystems. 
2.2 Introduction 
Methylated sulfur compounds (generically known as methylsulfides), including 
methylmercaptopropionate (MMPA), dimethylsulfide (DMS), and methanethiol (MeSH), 
are abundant in many ecosystems and play pivotal roles in the global sulfur and carbon 
cycles [12, 49]. The predominate source of methylsulfides in marine systems is believed 
to be dimethylsulfoniopropionate (DMSP), a compatible solute whose synthesis by 
marine algae is estimated to account for 1 to 10% of global primary production [27]. 
DMSP is degraded via two distinct microbial metabolic processes: the cleavage pathway 
and the demethylation pathway [49]. The majority of DMSP (50 to 90%) is degraded via 
the demethylation pathway, producing MMPA, which is subsequently converted to 3-
mercaptopropionate or MeSH [30, 50]. MMPA and MeSH are often assimilated by 
marine microorganisms, thus retaining the sulfur in marine microbial food web [50]. The 
cleavage pathway, on the other hand, generates volatile DMS, which is the primary 
contributor to the ocean-atmosphere sulfur flux [37] and a precursor to aerosol particles 
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that facilitate cloud condensation, thus contributing to the global temperature 
homeostasis [11].  
While aerobic catabolism of DMSP and its methylsulfide byproducts have been 
extensively studied [12, 49], considerably less is known regarding the fate of these 
compounds in anaerobic ecosystems. In anoxic marine sediments, DMSP is ultimately 
converted to methane; however, pure cultures of methanogenic archaea are not known 
to use DMSP [59]. Instead, it is likely that anaerobic bacteria convert DMSP into MMPA 
and DMS, which are then used by methanogens. This conclusion is based on the 
observation that DMS is produced via the cleavage pathway in certain clostridia [65], 
and that both sulfate-reducing and acetogenic bacteria produce MMPA via the 
demethylation pathway [28, 58, 60]. Significantly, it was noted that MMPA was not 
further metabolized by these anaerobic bacteria [58]. However, methylsulfides including 
DMS, MMPA and MeSH are known to be substrates for growth of methanogenic 
archaea [20, 36, 59]. Several members of the order Methanosarcinales have been 
reported to grow on DMS [36], while Methanosarcina sp. strain MTP4 [20], M. siciliae 
HI350 and Methanolobus taylorii GS-16 have been shown to grow on MeSH [43]. 
Methanogenic catabolism of MMPA is less common, with Methanosarcina sp. strain 
MTP4, Methanosarcina acetivorans C2A, and Methanosarcina siciliae T4/M being the 
only pure cultures known to use this compound [59]. Despite numerous reports 
demonstrating the use methylsulfides by methanogens, mechanistic studies of 
methylsulfide metabolism have only been carried out in Methanosarcina barkeri and M. 
acetivorans.  
In methylotrophic methanogens, the methyl moiety from C-1 compounds such as 
methanol, methylamines and methylsulfides, is channeled into methanogenesis via 
transfer from the substrate to coenzyme M (CoM) (reviewed in [29]). This C-1 activation 
reaction is catalyzed by a series of substrate specific CoM methyltransferases. Typically, 
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these enzymes consist of a two subunit methyltransferase 1 (MT1) component, which 
transfers the methyl group from the substrate to a corrinoid carrier protein, and a single 
subunit methyltransferase 2 (MT2), which then transfers the methyl group from the 
corrinoid protein to CoM (Fig. 2.1). A variation on this theme was discovered during 
characterization of a 480 kDa corrinoid protein purified from acetate grown 
Methanosarcina barkeri MS [56, 57]. This two-subunit enzyme complex comprised of the 
MtsA and MtsB proteins is capable of methylating CoM using either DMS or MMPA as 
substrates. It is believed that MtsA catalyzes the methyl-transfer reaction from DMS to 
the corrinoid subunit, MtsB, as well as the subsequent transfer from methyl-MtsB to the 
CoM [57]. Nevertheless, M. barkeri MS does not utilize DMS or MMPA as sole growth 
substrates [56, 59]; thus the biological function of this interesting enzyme has yet to be 
established. A family of single subunit CoM methyltransferases, encoded by the MA0859, 
MA4384 and MA4558 loci of M. acetivorans, has also been characterized. These 
proteins are comprised of an N-terminal corrinoid domain and a C-terminal MT2 domain. 
Genetic studies showed that these proteins are both required and sufficient for synthesis 
and catabolism of DMS, leading to their designation as MtsD, MtsF and MtsH, 
respectively [44]. It was suggested that these proteins catalyze a DMS:CoM 
methyltransferase reaction analogous to that catalyzed the MtsA/B system of M. barkei 
[44]. However, biochemical characterization of MA4384 (MtsF) showed that the enzyme 
is capable of catalyzing transfer of methyl groups from methyl-tetrahydromethanopterin 
(H4MPT) to CoM. DMS also served as a methyl donor, but at slower rates, prompting 
these authors to rename the protein as CmtA [63]. Thus, although the MA0859, MA4384 
and MA4558 loci are clearly involved in DMS metabolism, the mechanism remains 
obscure. 
Analysis of the M. acetivorans genome reveals numerous genes that appear to 
encode MT1/MT2 homologs, including ten MT1 methyltransferase subunits, fifteen MT1 
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corrinoid subunits and thirteen MT2 proteins [22]. While most of these can be confidently 
assigned to known substrates, several remain unassigned. Among the known substrates 
used by M. acetivorans, only MMPA and MeSH have yet to be characterized at a genetic 
level. Thus, we suspected that some of the unassigned MT1/MT2 homologs might be 
involved in the use of these substrates. Here, we show that the MA4164-MA4166 locus 
(which we designated the mtpCAP operon), is specifically required for MMPA 
metabolism and that its expression is positively regulated by MA4167 (MsrH) when 
MMPA is present. We also reanalyzed the phenotypes of DmtsD, DmtsF and DmtsH 
mutants showing that these genes contribute to efficient metabolism of MMPA and that 
MtsD is the primary enzyme for DMS metabolism, while MtsF is the primary enzyme for 
MeSH metabolism. MtsH, however, appears to accept both substrates.   
 
Figure 2.1. Methanosarcina enzymes involved in C-1 metabolism. Panel A: The three 
subunits, substrate-specific MT1/MT2 system for activation of methanol and methylamines found 
in all Methanosarcina species. The designations for specific MT1/MT2 enzymes and their cognate 
substrates are shown beneath the figure. Panel B: The biochemically characterized two subunit 
methylsulfide MT1/MT2 system from M. barkeri. Panel C: The putative function of a single subunit 
DMS MT1/MT2 system based on genetic analysis of the mtsD, mtsF and mtsH genes of M. 
acetivorans. Panel D: The putative function of a H4MPT:CoM methyltransferase system, encoded 
by the mtsD, mtsF and mtsH genes of M. acetivorans based on biochemical analysis of the MtsF 
(CmtA) protein. 
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2.3 Materials and methods 
2.3.1 Strains, media and growth conditions. Methanosarcina strains used in the 
study are described in Table 1. Methanosarcina strains were grown in single-cell 
morphology [53] at 37° C using high-salt (HS) broth containing one or more of the 
following substrates: 125 mM methanol, 50 mM TMA, 50 mM DMA, 50 mM MMA, 120 
mM acetate [40], 20 mM MMPA, 20 mM DMS or 20 mM MeSH. Growth on media 
solidified with 1.5% agar was as described [5]. All plating manipulations were carried out 
under strictly anaerobic conditions in an anaerobic incubator as described previously 
[41]. Puromycin (CalBiochem, San Diego, CA) was added from sterile, anaerobic stocks 
at a final concentration of 2 µg/ml for selection of Methanosarcina strains carrying 
puromycin transacetylase gene (pac) [23, 39]. The purine analog 8-aza-2,6-
diaminopurine (Sigma, St. Louis, MO) was added from sterile, anaerobic stocks at a final 
concentration of 20 µg/ml for selection against the hpt gene. MMPA was prepared by 
alkaline hydrolysis of methyl-3-methylmercaptopropionate (Sigma-Aldrich, St. Louis, MO) 
[64], or purchased directly from Tokyo Chemical Industry Co. (Japan). 
2.3.2 Construction, verification and complementation of mutant strains. 
Plasmids used for creating mtpC, mtpA, mtpP, msrH, and mtpCAP mutants were 
constructed as described in Table S1. Individual gene deletions removed most of the 
coding sequence leaving behind an in-frame fusion peptide consisting of the first and 
last ten amino acids, with the goal of creating non-polar mutations. The mutated alleles 
were recombined onto the chromosome using the markerless genetic exchange method 
as described [47]. All mutations were verified by PCR and by DNA hybridization 
experiments using pFH002 as probe against restriction endonuclease-digested genomic 
DNAs isolated from each mutant (Fig. 2.3). Plasmids used for complementation were 
constructed using pJK027A, which, in the strain background used, expresses the genes 
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in question from the strong, constitutive pmcrB-tetO1 promoter [24]. The 
complementation plasmids were integrated in single copy into the chromosome of their 
respective mutants via site-specific recombination method as described [24]. 
2.3.3 DNA methods. The plasmid constructions and primers used are described in 
Tables S1 & S2. Standard methods were used throughout for isolation and manipulation 
of plasmid DNA from E. coli [3]. Genomic DNA from M. acetivorans was isolated as 
described previously [46]. DNA hybridizations were performed using the DIG System 
(Roche, Mannheim, Germany) as recommended using MagnaGraph Nylon transfer 
membranes (Micron Separations Inc, Westborough, MA). DNA sequencing was 
performed at the W. M. Keck Center for Comparative and Functional Genomics, 
University of Illinois. 
2.3.4 Phenotypic characterization. Growth rates were determined by monitoring 
optical density of three or more independent cultures at 600 nm using a Bausch and 
Lomb Spectronic 21.  
2.3.5 Determination of metabolites. DMS, MeSH and methane were quantified 
using a Hewlett-Packard gas chromatograph (5890 Series II) equipped with stainless 
steel 80/120 Carbopack B column (Sigma-Aldrich (Supelco), St. Louis, MO) and a flame 
ionization detector. The column, injector and detector were at 130°C, and the nitrogen 
flow rate was 22.5 ml/min. Under these conditions, methane, MeSH and DMS were 
eluted with retention times of 0.9, 1.9 and 4.0 min, respectively. The partitioning 
coefficients of DMS (11.2) and MeSH (7.8) between liquid and gas phases were 
determined using at least six replicates in stoppered Balch tubes containing the desired 
substrate in 10 ml HS medium. The measured partitioning coefficients did not vary 
significantly over the concentrations examined, as previously observed [31, 56, 59].   
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Table 2.1. Plasmids used in this study 
 
 
  
Plasmid Description and/or construction Reference 
pMP44 Vector used to construct up- and down-region cassettes to delete genes in the M. acetivorans C2A chromosome using the markerless exchange method [47] 
pFH002 KpnI/SpeI-digested fusion PCR product of up-stream PCR product (with primers 5-upMA4164 and 3-upMA4164) and down-stream PCR product (with primers 5-dnMA4166 and 3-dnMA4166) cloned into KpnI/SpeI-digested pMP44 This study 
pFH003 KpnI/SpeI-digested fusion PCR product of up-stream PCR product (with primers 5-upMA4164 and 3-upMA4164) and down-stream PCR product (with primers 5-dnMA4164 and 3-dnMA4164) cloned into KpnI/SpeI-digested pMP44 This study 
pFH004 KpnI/SpeI-digested fusion PCR product of up-stream PCR product (with primers 5-upMA4165 and 3-upMA4165) and down-stream PCR product (with primers 5-dnMA4165 and 3-dnMA4165) cloned into KpnI/SpeI-digested pMP44 This study 
pFH005 KpnI/SpeI-digested fusion PCR product of up-stream PCR product (with primers 5-upMA4166 and 3-upMA4166) and down-stream PCR product (with primers 5-dnMA4166 and 3-dnMA4166) cloned into KpnI/SpeI-digested pMP44 This study 
pFH006 KpnI/SpeI-digested fusion PCR product of up-stream PCR product (with primers 5-upMA4167 and 3-upMA4167) and down-stream PCR product (with primers 5-dnMA4167 and 3-dnMA4167) cloned into KpnI/SpeI-digested pMP44 This study 
pJK027A Vector used for construction of complementation of deletion mutants in M. acetivorans C2A [24] 
pFH009 NdeI/SbfI-digested MA4164 PCR product (with primers MA4164-F01 and MA4164-R01) cloned into NdeI/NsiI-digested pJK027A This study 
pFH010 NdeI/SbfI-digested MA4165 PCR product (with primers MA4165-F01 and MA4165-R01) cloned into NdeI/NsiI-digested pJK027A This study 
pFH011 NdeI/SbfI-digested MA4166 PCR product (with primers MA4166-F01 and MA4166-R01) cloned into NdeI/NsiI-digested pJK027A This study 
pFH012 NdeI/SbfI-digested MA4164-66 PCR product (with primers MA4164-F03 and MA4166-R03) cloned into NdeI/NsiI-digested pJK027A This study 
pFH013A NdeI/SbfI-digested fusion PCR product of PCR product 1 (with primers MA4167-F01a and MA4167-R01) and product 2 (with primers MA4167-F02 and MA4167-R02) cloned into NdeI/NsiI-digested pJK027A This study 
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Table 2.2. Primers used in this study 
 
  Primer Sequence Added 
site(s) 
5-up4164 GGCGGCCGGTACCGAATCTTTGCTGGATTTCCTTTTTTATCAAACTGA KpnI 
3-up4164 TCAACTCCATCTCACGCTTTCAGACGGGAATTCCTGGACTTCTTCCGGTAGGTCATCCAT None 
5-dn4164 ATGGATGACCTACCGGAAGAAGTCCAGGAATTCCCGTCTGAAAGCGTGAGATGGAGTTGA None 
3-dn4164 GGCGCGCCACTAGTTCTTCCATATTAACAGCCTGTTCTACACTGA SpeI 
5-up4165 GGCGCGCCGGTACCTTAACATGTTTATTTTTCAGAGCTCTCTGT KpnI 
3-up4165 TCAAAGCTTATCTGCAGACCAGTCAGCTGCCCTTTCTTTTGAGGTCATCTCAGATACCAT None 
5-dn4165 ATGGTATCTGAGATGACCTCAAAAGAAAGGGCAGCTGACTGGTCTGCAGATAAGCTTTGA None 
3-dn4165 GGCGCGCCACTAGTAGGACTTTCTTTCTGGACTTGAGCACTTTAT SpeI 
5-up4166 GGCGCGCCGGTACCCTTGACAATATTGTAATGCCTTTTGGAATGT KpnI 
3-up4166 TTATCTCTGTGACCCGACAGGTACTTCCCCAATAACAAAAACCACCCAGCGGTATTTCAT None 
5-dn4166 ATGAAATACCGCTGGGTGGTTTTTGTTATTGGGGAAGTACCTGTCGGGTCACAGAGATAA None 
3-dn4166 GGCGCGCCACTAGTAGCAGAAGAGAATAGGGAAACATTAGTTGA SpeI 
5-up4167 GGCGCGCCGGTACCATAAGAAGTAAAGATAAGGAAAAGATAGAA KpnI 
3-up4167 TCAGAATTTACTGGCTTTTGTGATATTATATTTTATCAGGCAAGATGGGTCCAATCTCAA None 
5-dn4167 TTGAGATTGGACCCATCTTGCCTGATAAAATATAATATCACAAAAGCCAGTAAATTCTGA None 
3-dn4167 GGCGCGCCACTAGTAATACACTTAAAATAGTGTGGTACTACTTC SpeI 
MA4164-F01 GGCCATATGGATGACCTACCGGAAGAAG NdeI 
MA4164-R01 GGCCTGCAGGCAAAAACACCTGTAAAGTTCAACTCC SbfI 
MA4165-F01 GGCCATATGGTATCTGAGATGACCTCAAAAGAAAG NdeI 
MA4165-R01 GGCCTGCAGGCAAAGCTTATCTGATCAAAGCTTATCTGC SbfI 
MA4166-F01 GGCCATATGAAATACCGCTGGGTGGTTTTTG NdeI 
MA4166-R01 GGCCTGCAGGCCTGATTTTTGCTCCAAACCTTTCC SbfI 
MA4167-F01a GGCCATATGAGATTGGACCCATCTTGCCTG NdeI 
MA4167-R01 TTCCCGATCCTTTTTCTCATGTGATACGGGATTTCACTAAGGTCG None 
MA4167-F02 CTTAGTGAAATCCCGTATCACATGAGAAAAAGGATCGGGAACCTG None 
MA4164-F03 GGCGCGCCCATATGGATGACCTACCGGAAGAAGTCCAG AscI, NdeI 
MA4166-R03 GGCGCGCCTGCAGGCCGGAAGACTAAGGTTTTTCAGATACTCTGC SbfI 
16sFor ATTCTGGTTGATCCTGCCAGAGGTTAC None 
T7_16sRev GCCGGGAATTTAATACGACTCACTATAGGGGGTCAGGTTCGAACACGGCACG None 
23sFor CAAACGTCTGGCGGTAAAAT None 
T7_23sRev GCCGGGAATTTAATACGACTCACTATAGGGCCTATCGGGGTCCTCTTCTC None 
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Table 2.3. Strains used in this study 
 
 
 
Strain Genotype or description Source or reference 
M. acetivorans C2A Wild type DSM 2834 
WWM82 Dhpt::(PmcrB-fC31 int-attP) [24] 
WWM829  Dhpt, DmtpCAP This study 
WWM830 Dhpt, DmtpC This study 
WWM831 Dhpt, DmtpA This study 
WWM832 Dhpt, DmtpP This study 
WWM833 Dhpt, DmsrH This study 
WWM898 Dhpt::pFH009, DmtpC This study 
WWM899 Dhpt::pFH010, DmtpA This study 
WWM900 Dhpt::pFH013A, DmsrH This study 
WWM901 Dhpt::pFH012, DmtpCAP This study 
WWM810 Dhpt, DmtsD::frt [44] 
WWM811 Dhpt, DmtsF::frt [44] 
WWM812 Dhpt, DmtsH::frt [44] 
WWM813 Dhpt, DmtsD::frt, DmtsF::frt  [44] 
WWM814 Dhpt, DmtsD::frt, DmtsH::frt  [44] 
WWM815 Dhpt, DmtsF::frt, DmtsH::frt [44] 
WWM816 Dhpt, DmtsD::frt, DmtsF::frt, DmtsH::frt [44] 
WWM897 Dhpt, DmtsD::frt, DmtsF::frt, DmtsH::frt, DmtpCAP This study 
M. siciliae C2J   Wild type Lab stocks from K. Sowers 
M. siciliae T4M Wild type DSM 3028 
M. siciliae HI350 Wild type DSM 6564 
M. naples 100 Wild type DSM 8689 
M. sp WH1 Wild type DSM 4659 
M. sp MTP4 Wild type DSM 6636 
M. sp WWM596    Wild type      Lab stocks from K. Sowers 
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2.3.6 RNA-seq analysis. M. acetivorans C2A strains were adapted to different 
growth media for at least 30 generations prior to RNA isolation. The total RNA was 
isolated from early exponential phase cultures using TRIzol (Invitrogen, Carslbad, CA) 
and Zymo Direct-zol RNA MiniPrep kits (Zymo Research, Irvine, CA). The 16S- and 
23S-rRNA were subtracted using biotin-labeled 16S and 23S RNA probes as previously 
described [54]. Briefly, 16S and 23S rDNA were amplified from M. acetivorans C2A with 
T7-promoter appended primers (Table S2) to allow in vitro synthesis of biotinylated 
antisense rRNA probes, which were then hybridized to total RNA prior to removal using 
streptavidin-coated magnetic beads. Construction and sequencing of libraries on the 
Illumina HiSeq2000 was performed at the W. M. Keck Center for Comparative and 
Functional Genomics at the University of Illinois at Urbana-Champaign.  Briefly, fifty 
nanograms of rRNA-depleted messenger RNA were converted to indexed RNAseq 
libraries with the ScriptSeq™ v2 RNA-Seq Library Preparation Kit (Epicentre 
Biotechnologies, Madison, WI). The libraries were pooled in equimolar concentration and 
quantified by qPCR with the Library Quantification kit Illumina compatible (Kapa 
Biosystems, Woburn, MA). The pooled libraries were sequenced for 101 cycles plus 7 
cycles for the index read on a HiSeq2000 using TruSeq SBS version 3 reagents. The 
fastq files were generated and demultiplexed with Casava 1.8.2 (Illumina, San Diego, 
CA). Further bioinformatics processing was performed using the CLC Genomics 
Workbench (version 7.0, Aarhus, Denmark). Fastq files were imported as high-
throughput data, and trimmed for quality (Quality: 0.001, Ambiguous: 2, Discard: min 30, 
max 100) and to remove adapter sequences. After trimming, remaining reads that 
mapped to stable RNAs (16s, 23s, 5s rRNA and all tRNAs) were removed (similarity: 0.9, 
length: 0.85, mismtach: 2, insertion: 3, deletion: 3; global alignment and stand-alone 
read). The remaining reads were then mapped to the genome for RNA-seq analyses 
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(mapping parameters:  0.9, length: 0.85, mismatch: 2; insertion: 3; deletion: 3; maximum 
number of hits for a read: 10). Mapped reads were normalized using the default settings 
and differentially expressed genes identified using empirical analysis of differential gene 
expression (EDGE test [51]). Genes showing fold expression changes greater than four, 
or less than -4, with, P-values < 0.01 were considered to be differentially expressed. The 
raw and processed RNA-seq data have been deposited in the Gene Expression 
Omnibus (GEO) under the accession number GSE64349. 
2.4 Results 
2.4.1 In silico analysis of the M. acetivorans mtpCAP-msrH locus. Bioinformatics 
analyses suggested that the MA4164-4167 locus, which we designated mtpCAP-msrH, 
is involved in the metabolism of an unknown C1 compound. The MtpC protein (MA4164) 
shares 30-50% identity with the corrinoid protein subunits of numerous characterized 
Methanosarcina methyltransferase I (MT1) enzymes, being most closely related to the 
putative DMS methyltransferase MtsD, whereas MtpA (MA4165) is homologous (25% to 
31% identity) to MT2 methyltransferase proteins, being most closely related to MtsA 
from M. barkeri (Fig. 2.2). The MtpP (MA4166) protein is a member of the Major 
Facilitator Superfamily (MFS) and is likely to be a transporter for the cognate substrate. 
Lastly, as noted by Reichlen et al [48], MsrH (MA4167) is a member of the methanol-
specific regulator (Msr) family, known to be involved in the transcriptional activation of 
numerous MT1/MT2-encoding genes in Methanosarcina [6, 7].  
2.4.2 Construction and characterization of mtpCAP-msrH mutants. To address 
the in vivo function of the mtpCAP-msrH locus, we constructed DmtpCAP, DmtpC, 
DmtpA, DmtpP and DmsrH mutants (Fig. 2.3) and examined their growth on various 
substrates (Table 2.4). The mutants were indistinguishable from the parent 
when grown on methanol, acetate, methylamines, DMS or MeSH. The parental strain 
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Figure 2.2. Phylogeny of Methanosarcina MT1 corrinoid subunits and MT2 proteins. 
Homologous proteins from thirty sequenced Methanosarcina genomes were retrieved and 
analyzed using the ITEP bioinformormatics tools [4]. Clusters of orthologous genes were 
generated in ITEP using MCL clustering with stringent parameters. Protein alignments were then 
generated with CLUSTALW prior to construction of phylogenetic trees using FastTree [45] using 
WAG model of evolution. Substrate-specific clades were identified based on the inclusion of 
biochemically or genetically characterized proteins. Panel A: Phylogeny of MT1 corrinoid subunits. 
Methionine synthase (MetH, GenBank accession number NP418443) from E. coli was used as an 
out-group to root the tree (shown in asterisk). Panel B: Phylogeny of MT2 proteins. UroD from 
Desulfobacterium autotrophicum (GenBank accession number ACN17787) was used as an out-
group to root the tree (shown in asterisk). Scale bar refers to 0.5 substitutions per site. 
Abbreviations: TMA, Trimethylamine; DMA, Dimethylamine; MMA, Monomethylamine; MeOH, 
Methanol; DMS, Dimethylsulfide; MMPA, Methylmercaptopropionate. Genomes analyzed include: 
M. acetivorans C2A, M. barkeri Fusaro, M. mazei Go1, M. sp. MTP4, M. thermophila TM1, M. 
thermophila CHTI55, M. thermophila MSTA1, M. vacuolata Z761, M. sp. Kolskee, M. barkeri 
Weismoor, M. barkeri MS, M. barkeri 227, M. barkeri 3, M. siciliae C2J, M. siciliae HI350, M. 
siciliae T4M, M. sp. WH1, M. sp. WWM586, M. lacustris Z7289, M. horonobensis HB1, M. mazei 
SarPi, M. mazei LYC, M. mazei S6, M. mazei TMA, M. mazei WWM610, M. mazei C16, M. 
baltica GS1, M. sp. Naples 100, M. lacustris ZS and M. calensis Cali. Full data can be found in 
NCBI BioProjects 230935-230962, and GenBank accession numbers NC_003901.1, 
NC_003552.1 and NC_007355.1). 
 
 
and each of the mutants also transiently accumulate MeSH when grown on DMS (Fig. 
2.5), and DMS when grown on MeSH (Fig. 2.6). Therefore, the mtpCAP-msrH locus is 
not required for catabolism of methanol, acetate, methylamines, DMS or MeSH, nor is it 
involved in the synthesis of DMS or MeSH. In contrast, the DmtpCAP, DmtpC, DmtpA 
and DmsrH mutants were severely impaired in their ability to utilize MMPA as a growth 
substrate, with ca. one third of the cell yield, measured as optical density, and lag 
phases over 200 hours longer than the parental strain (Fig. 2.4). The DmtpC and DmtpA 
phenotypes were alleviated upon complementation with the respective genes; however, 
the defect of DmsrH mutant was not recovered, possibly due to inappropriate levels of 
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MsrH caused by the strong promoter used in the complementation plasmid [24]. The 
DmtpP strain showed no observable defect during growth on MMPA.  
 
 
Figure 2.3. The mtpCAP-msrH gene cluster and Verification of the genotypes of 
mtpCAP-msrH mutants via Southern hybridization. Genomic DNA from several independent 
isolates was prepared, restricted with BstBI, separated by agarose gel electrophoresis, blotted 
onto membranes and probed with DIG-labeled pFH002 as described in the main text. Lane 1, 1-
kb DNA ladder (NEB); Lane 2, DIG-labeled EcoRI/HindIII lambda DNA (Roche); Lane 3-6: 
DmtpCAP (predicted bands size: 6.4 kb, 1.3 kb); Lane 7-10: DmtpC (predicted bands size: 6.4kb, 
4.0 kb); Lane 11-14: DmtpA (predicted bands size: 6.4 kb, 3.8 kb); Lane 15-18: DmtpP (predicted 
bands size: 6.4 kb, 3.5 kb); Lane 19-22: DmsrH (predicted bands size: 5.6 kb, 4.8 kb); Lane 23: 
Wild-type C2A (predicted bands size: 6.4 kb, 4.8 kb). 
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Figure 2.4. Growth of M. acetivorans strains in MMPA medium. The indicated mutants 
were grown in HS-MA medium with 20 mM MMPA. Strains used were: WWM82 (parental strain), 
WWM830 (DmtpC), WWM898 (complemented DmtpC), WWM831 (DmtpA), WWM899 
(complemented DmtpA), WWM832 (DmtpP), WWM833 (DmsrH), WWM900 (complemented 
DmsrH), WWM829 (DmtpCAP), WWM901 (complemented DmtpCAP), WWM816 (DmtsDFH), 
WWM897 (DmtpCAP, DmtsDFH). Error bars represent standard deviation of triplicate cultures. 
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Table 2.4. Generation time for Methanosarcina strains on various substrates 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
a Growth was measured as indicated in Materials and Methods. Values represent the average and standard deviations of at least three 
replicates, with the exception of DmtpA and DmsrH on MeSH, which were measured once. Abbreviations: methanol (MeOH), 
trimethylamine (TMA), dimethylamine (DMA), monomethylamine (MMA), dimethylsulfide (DMS), methanethiol (MeSH). Strains used are 
described in Table 2.3. 
 
 
 
 
 
 
Strain  
Generation time (h) on various substratesa 
   MeOH    TMA    DMA    MMA  Acetate    DMS    MeSH 
WT C2A 9.6 ± 0.6 16 ± 3.5 18.2 ± 3.3 25.6 ± 3.4 46.3 ± 9.6 20.7 ± 3.6 44.8 ± 5.7 
WWM82 10.1 ± 1.0 15.5 ± 2.5 26.4 ± 3.1 29.1 ± 6.6 49.5 ± 13.8 24.1 ± 4.7 52.8 ± 1.2 
DmtpCAP	 9.0 ± 0.4 18.4 ± 0.3 23.7 ± 3.7 29.1 ± 7.5 47.2 ± 13.1 25.7 ± 5.0 45.3 ± 7.0 
DmtpC	 10.2 ± 0.6 13.1 ± 1.4 20.9 ± 1.2 39.9 ± 3.5 48.6 ± 9.2 23.4 ± 2.4 30.7 ± 0.3 
DmtpA	 9.9 ± 0.2 13.4 ± 0.8 22.7 ± 2.6 28.3 ± 4.1 48.7 ± 8.2 21.5 ± 2.1 47.8 
DmtpP	 9.3 ± 0.5 14.3 ± 1.2 21.4 ± 2.6 28.3 ± 3.0 56.4 ± 1.4 23.8 ± 1.3 46.1 ± 1.5 
DmsrH	 9.3 ± 0.6 14.8 ± 2.7 22.4 ± 1.9 32.0 ± 2.6 61.0 ± 7.2 25.6 ± 5.2 35.4 
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Table 2.5. Generation time of mtsD, mtsF and mtsH mutants on methylsulfides 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
aGrowth was measured as indicated in Materials and Methods. Values represent the average and 
standard deviations of three replicates, with the exception of DmtsH on MeSH, which was measured once. 
Abbreviations: MMPA (methylmercaptopropionate), dimethylsulfide (DMS), methanethiol (MeSH). Strains 
used are described in Table 2.3. 
 
 
 
 
  
Strain genotype 
Generation time (h) on methylsulfidesa 
MMPA DMS MeSH 
WT C2A 44.7 ± 1.9 20.7 ± 3.6 44.8 ± 5.7 
DmtsD 35.3 ± 7.5 No growth 61.3 ± 0.8 
DmtsF 39.6 ± 7.5 31.6 ± 6.6 No growth 
DmtsH 40.4 ± 2.8 71.0 ± 5.1 187.3 
DmtsD DmtsF 38.1 ± 5.2 No growth No growth 
DmtsDDmtsH 40.4 ± 6.2 No growth 28.1 ± 4.1 
DmtsFDmtsH 45.3 ± 13.2 86.1 ± 8.4 No growth 
DmtsDDmtsFDmtsH 51.0 ± 4.8 No growth No growth 
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Table 2.6. Relative mRNA abundance of wild-type M. acetivoran C2A on different substrates 
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Figure 2.5. Growth and metabolite production of M. acetivorans strains in DMS medium. 
The indicated mutants were grown in HS-MA medium with 20 mM DMS. Metabolites were 
measured via gas chromatography as described. Strains used were: WWM82 (parental strain), 
WWM829 (DmtpCAP), WWM830 (DmtpC), WWM831 (DmtpA), WWM832 (DmtpP), WWM833 
(DmsrH). Error bars represent standard deviation of triplicate cultures. Symbols: ■, Methane; , 
MeSH; , DMS; ♦, OD600. Error bars represent standard deviation of triplicate cultures. 
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Figure 2.6. Growth and metabolite production of M. acetivorans strains in MeSH 
medium.  The indicated mutants were grown in HS-MA medium with 20 mM MeSH. Metabolites 
were measured via gas chromatography as described. Strains used were: WWM82 (parental 
strain), WWM830 (DmtpC), WWM831 (DmtpA), WWM832 (DmtpP), WWM833 (DmsrH) and 
WWM814 (DmtsDDmtsH). Symbols: ■, Methane; , MeSH; , DMS; ♦, OD600. Error bars 
represent standard deviation of triplicate cultures. 
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2.4.3 MMPA metabolism in diverse Methanosarcina species. Analysis of thirty 
sequenced Methanosarcina genomes revealed ten strains that encode homologs of the 
mtpCAP-msrH locus (Fig. 2.7). Seven of eight strains examined grew on MMPA, 
including M. acetivorans, M. siciliae C2J, M. siciliae HI350, Methanosarcina sp. WH1, 
Methanosarcina sp. WWM596, Methanosarcina sp. Naples 100, and Methanosarcina 
siciliae T4/M. The two M. lacustris strains were not tested due to their very poor growth 
in our standard medium. Surprisingly, Methanosarcina sp. MTP4, which had previously 
been reported to grown on MMPA [59], did not use this substrate in our experiments. We 
note that the Methanosarcina sp. MTP4 genome carries a duplication of the mtpCAP-
msrH locus that is not found in any of the other strains, raising the possibility that 
rearrangement of this genomic region, which may have occurred during serial transfer 
following its original isolation, could have altered the ability to use MMPA. This result 
notwithstanding, these data provide strong, correlative support for the role of the 
mtpCAP-msrH locus in MMPA catabolism.  
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Figure 2.7. The genomic neighborhoods of the mtpCAP-msrH ten sequenced 
Methanosarcina genomes. The M. acetivorans locus is shown at the top with the homologous 
loci on subsequent lines. The locus tags and percent identity to the corresponding M. acetivorans 
genes are shown for each. The general protein families were color coded as indicated based on 
annotations found in the published M. acetivorans genome sequence [22]. 
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2.4.4 Reassessment of the roles of mtsD, mtsF and mtsH in methylsulfide 
metabolism. Based on the observation that MMPA is a substrate for M. barkeri MtsA/B, 
we suspected that the related M. acetivorans MtsD, MtsF and MtsH proteins might be 
responsible for the residual MMPA-dependent growth of the mtpCAP mutants. To test 
this, we obtained the previously described mts mutants [44] and examined their growth 
on MMPA (Fig. 2.4 & Table 2.5). None of the single or double mts mutants differed 
significantly from the parental strain with respect to growth rate on MMPA; however, 
when all three genes were deleted the growth yield was ca. one third lower than the 
parental strain (Fig. 2.4). Thus, the MtsD, MtsF and MtsH proteins play a role in MMPA 
metabolism in otherwise wild-type cells. The quadruple mutant lacking all three mts 
genes and the mtpCAP operon showed no growth in MMPA medium.  
We also reexamined the phenotypes of the mts mutants during growth on DMS and 
MeSH (Table 2.5). Contrary to previously published results [44], we found that strains 
lacking mtsD were incapable of growth on DMS, regardless of the presence or absence 
of mtsF and mtsH, whereas strains lacking mtsF failed to grow on MeSH, regardless of 
the presence or absence of mtsD and mtsH. The mtsH gene was not required for growth 
on either MeSH or DMS; however, the generation times of strains lacking this gene were 
substantially longer on both substrates, with the exception of  the DmtsDH mutant, which 
grew significantly faster than the wild-type on MeSH. Interestingly, unlike the parental 
strain, the DmtsDH mutant did not produce DMS during growth on MeSH (Fig. 2.6), 
suggesting that the faster growth rate may be due to more efficient catabolism of the 
substrate. It should be noted that our DMS results differ from those obtained by 
Oelgeschlager et al [44], who showed that any one of the mts genes was sufficient to 
allow growth DMS. Although lower levels of DMS were used in the previous study, we 
obtained similar results at both 5 mM and 20 mM DMA (Fig. 2.8). Thus, we believe 
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subtle differences in media preparation or pre-cultivation conditions may be responsible 
for the discrepancy.  
 
Figure 2.8. Growth of M. acetivorans strains in DMS medium. The indicated mutants were 
grown in HS medium with 20 mM DMS (A) and 5 mM DMS (B). Values are the average of 
triplicates cultures, and error bars are the standard deviations. 
 
2.4.5 Transcriptional profiling of M. acetivorans grown on methylsulfides. 
Transcriptional profiling of M. acetivorans via RNA-seq provided additional support for 
the substrate specificities assigned to the various methyltransferase genes based on the 
mutant phenotypes. Accordingly, the mtpCAP locus is highly and specifically up-
regulated during growth on MMPA, relative to growth on methanol, MeSH or DMS 
(Tables 2.6). Moreover, during growth on MMPA, mtpA, mtpC and mtpP are among the 
most abundant transcripts in the cell, with little expression during growth on the other 
substrates. The mtsD, mtsF and mtsH genes are also up-regulated during growth on 
MMPA and DMS, relative to methanol-grown cells, consistent with these genes having a 
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role during growth on both substrates. However, only mtsF is up-regulated during growth 
on MeSH (and only relative to growth on methanol), consistent with the observation that 
mtsF mutants fail to grow on this substrate. It should be noted that MeSH is an 
intermediate of DMS catabolism, explaining the induction of mtsF during growth on DMS.  
Several additional classes of genes showed significant transcriptional regulation 
during growth on methylsulfides. The MA0849 locus, which encodes a protein with 
homology to the methylamine methyltransferase activating protein RamA [18], is strongly 
up-regulated on MMPA, DMS and MeSH, suggesting a specific role in activation of 
methylsulfide methyltransferases. The mtaCB3 operon was also highly expressed during 
growth on all methylsulfides. Although genetic experiments strongly support the idea that 
this operon encodes a methanol specific MT1 enzyme, it is only expressed during 
growth on “energetically poor” substrates such as acetate and MMA [8]. Our data now 
add MMPA, DMS and MeSH to the list of substrates that induce mtaCB3. Another group 
of highly regulated genes encompasses ones previously shown to be controlled by the 
global regulator MreA [48], including mreA itself, as well as the cdh-2 operon and the ack, 
pta and mreD genes. Interestingly, the putative mreA-regulon genes were only up-
regulated on MMPA. A third group involves genes with putative roles in sulfur 
metabolism. These include a homolog of the sulfur transfer protein ThiS [32], encoded 
by MA3300, the protein disulfide reductase MdrA [33], encoded by MA3736, and a 
putative sulfite reductase encoded by MA0685 [55]. Lastly, we observed that the protein 
encoded by MA0803 was strongly and specifically up-regulated during growth on DMS. 
This protein has a C-terminal domain related to the Msr-family transcriptional regulators, 
but with a significantly different N-terminal DNA binding domain, suggesting that it is the 
founding member of a new family of archaeal transcriptional regulators involved in DMS-
mediated regulation.  
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Figure 2.9. RNA-seq read coverage of M. acetivorans grown on MMPA. Top panel: mRNA 
read coverage of the entire chromosome. Middle panel: mRNA read coverage of the mtpCAP-
msrH locus. Bottom panel: mRNA read coverage of the mtpA-mtpP intergenic region. Note that 
the coverage between genes never drops below the coverage within the genes suggesting that 
mtpCAP are co-transcribed. 
 
The RNA-seq data also support the notion that mtpCAP comprises an operon 
transcriptionally regulated by MsrH. Thus, continuous mapping of mRNA reads was 
observed across the entire operon (Fig. 2.9). The msrH gene is not co-transcribed with 
mtpCAP, but instead comprises a monocistronic transcript that is constitutively 
expressed at low levels on all growth media (Table 2.6). To investigate the idea that 
msrH encodes a transcriptional regulator of mtpCAP, we used RNA-seq to compare 
mRNA abundance between the DmsrH strain and the parental strain. Because the 
DmsrH mutant does not grow on MMPA as the sole substrate, we grew both strains on 5 
mM TMA supplemented with 20 mM MMPA. Under these conditions, mtpC, mtpA and 
mtpP were the only genes that were differentially expressed between the two strains (Fig. 
2.10). Thus, msrH appears to be a highly specific MMPA-dependent activator of mtpCAP. 
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Figure 2.10. Relative mRNA abundance of the parental strain versus the DmsrH mutant 
during growth on TMA+MMPA. A volcano plot showing the fold difference in transcript 
abundance between WWM82 (parental strain) and WWM833 (DmsrH), based on the EDGE test 
plotted against statistical significance is shown. Only the four labeled genes show significant 
differences between the two strains.  
 
2.5 Discussion 
The data presented here suggest that the products of the mtpCAP operon are the 
primary means for catabolism of MMPA in Methanosarcina species. These genes are 
strongly and specifically induced by MMPA and required for wild-type growth rates and 
yields on this substrate. Based on our analyses, it seems likely that MMPA is catabolized 
via a two-component MT1/MT2 system comprised of the methyltransferase MtpA and 
the corrinoid protein MtpC (Fig. 2.11). By analogy to the biochemically characterized 
MtsA/B system of M. barkeri [57], we suggest that MtpA will catalyze both the methyl 
transfer from MMPA to MtpC and the subsequent methyl transfer from methyl-MtpC to 
CoM. The highly similar chemical structures of MMPA and methyl-CoM, strengthen the 
idea that these molecules could be substrates/products for the same enzyme. Although 
we found that MtpP is not required for growth on MMPA under laboratory conditions, the 
transporter is probably required in nature. Based on the pKa of MMPA (4.7), the ratio of 
protonated to unprotonated MMPA in our medium (pH=6.8) is ca. 1:100. Thus, because 
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weak acids diffuse freely across the membrane, the transporter is probably not required 
when substrate concentrations are high and the pH is near neutrality. Moreover, at the 
marine pH of 8.3 [42], the ratio of protonated to unprotonated MMPA will be >10-fold 
lower than in our medium. Under these conditions, the putative transporter MtpP will 
almost certainly be required. The universal conservation of the mtpP gene in all 
methanogens that encode homologs of mtpCA supports this conclusion.  
The observation that the mtpCAP mutant showed partial growth on MMPA indicates 
the presence of an alternate, albeit inefficient, pathway for catabolism of this compound 
by M. acetivorans. If MtpA/MtpC is, indeed, the primary MT1/MT2 system for this 
substrate, then the observed residual growth must depend on an alternate activating 
system to generate methyl-CoM from MMPA. The loss of residual growth upon deletion 
of the three mts genes suggests that MtsF, MtsD or MtsH acting as single subunit 
MT1/MT2 enzymes for MMPA can provide this function. Our genetic data, along with the 
previously published results of Oelgeschlager et al [44], show that the Mts proteins also 
use MeSH and DMS as substrates, with different substrate preferences for individual 
isozymes. Biochemical evidence for the use of multiple methylsulfide substrates has 
previously been demonstrated for the MtsA/B system of M. barkeri, which uses both 
DMS and MMPA as substrates [57].  
Intriguingly, we observed that the DmtsDFH mutant reached a lower cell density on 
MMPA than otherwise wild-type cells, suggesting that the proteins encoded by these 
genes play an additional role beyond substrate activation. While this phenotype is more 
difficult to explain, it may be related to the CoM:H4MPT methyltransferase activity of this 
family of proteins [63]. In reporting this novel biochemical activity, Vepachedu and Ferry 
suggested that MtsF, and probably the homologous MtsD and MtsH proteins, would act 
to bypass the membrane-bound, energy conserving Mtr CoM:H4MPT methyltransferase, 
providing an advantage during growth on low-energy substrates such as carbon 
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monoxide. Assuming that both the genetic and biochemical data are correct, the Mts-
family of proteins would have an exceptionally broad substrate range including 
methylated and unmethylated sulfides and H4MPT (Fig. 2.11). The ability to recognize 
numerous sulfide and methyl-sulfide substrates, in addition to H4MPT and methyl-
H4MPT, would explain all available data. These multifunctional enzymes would allow 
bypass of the ion pumping Mtr H4MPT:CoM methyltransferase, as well as a mechanism 
to introduce methyl groups from methylsulfides into both the reductive and oxidative 
branches of the methylotrophic methanogensis pathway. Thus, the energetic advantage 
of bypassing Mtr would apply to growth on any of these substrates. Accordingly, the 
DmtsDFH mutants would lack this energetic advantage and would achieve a lower cell 
denisty, as seen in our data.  Moreover, the broad specificity of Mts isozymes could also 
explain the synthesis of DMS and MeSH during growth on CO [42, 44], because the 
methylated corrinoid cofactor can donate the methyl moiety to sulfide or MeSH in a 
reaction that is thermodynamically equivalent to transfer to CoM. There is, however, one 
major caveat to this model. The possession of CoM:H4MPT methyltransferase activity by 
both Mts and Mtr introduces the possibility of a futile cycle that would deplete the ion 
gradient across the cell membrane, essentially preventing energy conservation. If this 
model shown in Fig. 2.11 is correct, then the cell must possess a mechanism to prevent 
this from happening. 
Given the dramatic differences between the aceticlastic and methylotrophic pathways 
for methanogenesis (reviewed in [19, 29]), we were surprised to note the striking 
similarity between the transcriptional profiles of MMPA- and acetate-grown cells. This 
shared phenotype may involve the global regulator MreA, although the intricacies for this 
regulation remain murky at this point. Based on a combination of the transcriptomic  
 
  
  
 48 
 
Figure 2.11. Putative roles for MtpCA and MtsD/F/H in methylsulfides metabolism. Top 
panel: A proposed bifunctional MT1/MT2 enzyme, in which MtpA catalyzes transfer of the methyl 
group from MMPA to the corrinoid protein MtpC and subsequent methyl transfer from methyl-
MtpC to CoM, is shown. Bottom panel:  A proposal for broad substrate-specificity in the MtsD/F/H 
proteins. These putative multifunctional enzymes would allow bypass of the normal energy-
conserving/dependent Mtr H4MPT:CoM methyltransferase, while providing a mechanism to 
introduce methyl groups from methylsulfides into both the reductive and oxidative branches of the 
methylotrophic pathway of methanogenesis. Note that the direction of methyl transfer between 
CH3-H4MPT and CH3-CoM determines whether it is exergonic or endergonic, and thus sodium 
ions are extruded or consumed. 
 
regulation is considerably more complex. Thus, the aceticlastic genes encoding acetate 
kinase (ack), phosphotransacetylase (pta), and acetyl-CoA synthase (cdh-2) are highly 
up-regulated on both MMPA and acetate, as is the mreA gene itself. However, deletion 
of mreA leads to ca. 40-130 fold increase in mtpCAP expression, while concomitantly 
reducing expression of pta, ack and cdh by 5-fold [48]. This effect is likely to be indirect, 
probably mediated via msrH, which is required for mtpCAP expression and significantly 
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up-regulated in the mreA mutant. The question then remains, what is the common 
regulatory signal that is sensed during growth on MMPA and acetate? The simplest 
explanation is that MMPA catabolism generates acetate; however, it has previously been 
shown that growth on MMPA, results in near stoichiometric conversion of the substrate 
to mercaptopropionate [59]. Nonetheless, it is conceivable that some 
mercaptopropionate is metabolized to acetate, triggering an aceticlastic transcriptional 
response. Alternatively, mercaptopropionate may be sufficiently similar to acetate to 
trigger this response without catabolism. We do not favor this idea because mreA 
mutants recapitulate the regulatory phenotype in the absence of MMPA. Further clues 
come from the observation that mtpCAP, along with mtsD, mtsF, and mtsH, are also 
highly up-regulated upon deletion of the alternate heterodisulfide reductase encoded by 
hdrABC [9]. Previous studies suggested that loss of HdrABC slows regeneration of free 
coenzymes M and B (CoM and CoB), which are needed for the terminal step in 
methanogenesis. Loss of HdrABC also slows regeneration of oxidized ferredoxin, which 
is the central electron carrier in aceticlastic methanogenesis. Interestingly, hdrABC 
expression is highly down-regulated during growth on acetate [9]. Taken together, these 
data suggest a highly intertwined and complex mechanism for regulation of energy-
conserving metabolism in Methanosarcina that may involve direct sensing of 
intermediates in the methanogenic pathway. 
Finally, our results shed additional light on the fate of methylated sulfur compounds in 
marine environments. The aerobic flux of DMSP into either the cleavage pathway to 
generate DMS, or the demethylation pathway to produce MMPA, has attracted 
considerable attention due to the significant consequences for climate regulation [52]. 
Our data establishing the genetic basis for both DMS and MMPA metabolism in marine 
methanogens will empower molecular microbial ecology approaches to assess the fate 
of methylsulfides in anaerobic marine ecosystems as well.   
  
 50 
2.6 References 
1. Ausubel, F.M., Short protocols in molecular biology : a compendium of methods 
from Current protocols in molecular biology. 2nd ed. 1992, New York, NY: Greene Pub. 
Associates ; Wiley. 
 
2. Benedict, M.N., et al., ITEP: an integrated toolkit for exploration of microbial pan-
genomes. BMC Genomics, 2014. 15: p. 8. 
 
3. Boccazzi, P., J.K. Zang, and W.W. Metcalf, Generation of dominant selectable 
markers for resistance to pseudomonic acid by cloning and mutagenesis of the ileS gene 
from the archaeon Methanosarcina barkeri Fusaro. J Bacteriol, 2000. 182(9): p. 2611-
2618. 
 
4. Bose, A., G. Kulkarni, and W.W. Metcalf, Regulation of putative methyl-sulphide 
methyltransferases in Methanosarcina acetivorans C2A. Mol Microbiol, 2009. 74(1): p. 
227-238. 
 
5. Bose, A. and W.W. Metcalf, Distinct regulators control the expression of 
methanol methyltransferase isozymes in Methanosarcina acetivorans C2A. Mol 
Microbiol, 2008. 67(3): p. 649-61. 
 
6. Bose, A., et al., Differential regulation of the three methanol methyltransferase 
isozymes in Methanosarcina acetivorans C2A. J Bacteriol, 2006. 188(20): p. 7274-7283. 
 
7. Buan, N.R. and W.W. Metcalf, Methanogenesis by Methanosarcina acetivorans 
involves two structurally and functionally distinct classes of heterodisulfide reductase. 
Mol Microbiol, 2010. 75(4): p. 843-53. 
 
8. Charlson, R.J., et al., Oceanic phytoplankton, atmospheric sulfur, cloud albedo 
and climate. Nature, 1987. 326(6114): p. 655-661. 
 
9. Curson, A.R., et al., Catabolism of dimethylsulphoniopropionate: microorganisms, 
enzymes and genes. Nat Rev Microbiol, 2011. 9(12): p. 849-59. 
 
10. Ferguson, T., et al., RamA, a protein required for reductive activation of corrinoid-
dependent methylamine methyltransferase reactions in methanogenic archaea. J Biol 
Chem, 2009. 284(4): p. 2285-95. 
 
11. Ferry, J.G., Enzymology of the fermentation of acetate to methane by 
Methanosarcina thermophila. Biofactors, 1997. 6(1): p. 25-35. 
 
12. Finster, K., Y. Tanimoto, and F. Bak, Fermentation of methanethiol and 
dimethylsulfide by a newly isolated methanogenic bacterium. Arch Microbiol, 1992. 
157(5): p. 425-430. 
 
13. Galagan, J.E., et al., The genome of M acetivorans reveals extensive metabolic 
and physiological diversity. Genome Research, 2002. 12(4): p. 532-542. 
 
  
 51 
14. Gernhardt, P., et al., Construction of an integration vector for use in the 
archaebacterium Methanococcus voltae and expression of a eubacterial resistance gene. 
Molecular & General Genetics, 1990. 221(2): p. 273-9. 
 
15. Guss, A.M., et al., New methods for tightly regulated gene expression and highly 
efficient chromosomal integration of cloned genes for Methanosarcina species. Archaea, 
2008. 2(3): p. 193-203. 
 
16. Howard, E.C., et al., Bacterial taxa that limit sulfur flux from the ocean. Science, 
2006. 314(5799): p. 649-652. 
 
17. Jansen, M. and T.A. Hansen, Non-growth-associated demethylation of 
dimethylsulfoniopropionate by (homo)acetogenic bacteria. Appl Environ Microbiol, 2001. 
67(1): p. 300-6. 
 
18. Keltjens, J.T. and G.D. Vogels, Conversion of methanol and methylamines to 
methane and carbon dioxide, in Methanogenesis : ecology, physiology, biochemistry & 
genetics, J.G. Ferry, Editor. 1993, Chapman & Hall: New York. p. 253-303. 
 
19. Kiene, R.P., et al., Dimethylsulfoniopropionate and methanethiol are important 
precursors of methionine and protein-sulfur in marine bacterioplankton. Appl Environ 
Microbiol, 1999. 65(10): p. 4549-58. 
 
20. Kiene, R.P. and P.T. Visscher, Production and fate of methylated sulfur 
compounds from methionine and dimethylsulfoniopropionate in anoxic salt marsh 
sediments. Appl Environ Microbiol, 1987. 53(10): p. 2426-34. 
 
21. Lehmann, C., T.P. Begley, and S.E. Ealick, Structure of the Escherichia coli 
ThiS-ThiF complex, a key component of the sulfur transfer system in thiamin 
biosynthesis. Biochemistry, 2006. 45(1): p. 11-9. 
 
22. Lessner, D.J. and J.G. Ferry, The archaeon Methanosarcina acetivorans 
contains a protein disulfide reductase with an iron-sulfur cluster. J Bacteriol, 2007. 
189(20): p. 7475-84. 
 
23. Lomans, B.P., et al., Microbial cycling of volatile organic sulfur compounds. Cell 
Mol Life Sci, 2002. 59(4): p. 575-588. 
 
24. Lovelock, J.E., R.J. Maggs, and Rasmusse.Ra, Atmospheric dimethyl sulfide and 
natural sulfur cycle. Nature, 1972. 237(5356): p. 452-453. 
 
25. Metcalf, W.W., et al., A genetic system for Archaea of the genus Methanosarcina: 
Liposome-mediated transformation and construction of shuttle vectors. Proc Natl Acad 
Sci U S A, 1997. 94(6): p. 2626-2631. 
 
26. Metcalf, W.W., et al., Molecular, genetic, and biochemical characterization of the 
serC gene of Methanosarcina barkeri fusaro. J Bacteriol, 1996. 178(19): p. 5797-5802. 
 
27. Metcalf, W.W., J.K. Zhang, and R.S. Wolfe, An anaerobic, intrachamber 
incubator for growth of Methanosarcina spp. on methanol-containing solid media. Appl 
Environ Microbiol, 1998. 64(2): p. 768-770. 
  
 52 
 
28. Moran, J.J., et al., Methyl sulfide production by a novel carbon monoxide 
metabolism in Methanosarcina acetivorans. Appl Environ Microbiol, 2008. 74(2): p. 540-
2. 
 
29. Ni, S. and D.R. Boone, Catabolism of dimethylsulfide and methane thiol by 
methylotrophic methanogens, in Biogeochemistry of Global Change, R.S. Oremland, 
Editor. 1993, Chapman & Hall, Inc: New York. p. 796-810. 
 
30. Oelgeschlager, E. and M. Rother, In vivo role of three fused corrinoid/methyl 
transfer proteins in Methanosarcina acetivorans. Mol Microbiol, 2009. 72(5): p. 1260-72. 
 
31. Price, M.N., P.S. Dehal, and A.P. Arkin, FastTree 2--approximately maximum-
likelihood trees for large alignments. Plos One, 2010. 5(3): p. e9490. 
 
32. Pritchett, M.A. and W.W. Metcalf, Genetic, physiological and biochemical 
characterization of multiple methanol methyltransferase isozymes in Methanosarcina 
acetivorans C2A. Mol Microbiol, 2005. 56(5): p. 1183-1194. 
 
33. Pritchett, M.A., J.K. Zhang, and W.W. Metcalf, Development of a markerless 
genetic exchange method for Methanosarcina acetivorans C2A and its use in 
construction of new genetic tools for methanogenic archaea. Appl Environ Microbiol, 
2004. 70(3): p. 1425-1433. 
 
34. Reichlen, M.J., et al., MreA functions in the global regulation of methanogenic 
pathways in Methanosarcina acetivorans. MBio, 2012. 3(4): p. e00189-12. 
 
35. Reisch, C.R., M.A. Moran, and W.B. Whitman, Bacterial Catabolism of 
Dimethylsulfoniopropionate (DMSP). Front Microbiol, 2011. 2: p. 172. 
 
36. Reisch, C.R., et al., Novel pathway for assimilation of 
dimethylsulphoniopropionate widespread in marine bacteria. Nature, 2011. 473(7346): p. 
208-11. 
 
37. Robinson, M.D. and G.K. Smyth, Small-sample estimation of negative binomial 
dispersion, with applications to SAGE data. Biostatistics, 2008. 9(2): p. 321-32. 
 
38. Simo, R., Production of atmospheric sulfur by oceanic plankton: biogeochemical, 
ecological and evolutionary links. Trends in Ecology & Evolution, 2001. 16(6): p. 287-294. 
 
39. Sowers, K.R., J.E. Boone, and R.P. Gunsalus, Disaggregation of 
Methanosarcina spp and growth as single cells at elevated osmolarity. Appl Environ 
Microbiol, 1993. 59(11): p. 3832-3839. 
 
40. Stewart, F.J., E.A. Ottesen, and E.F. DeLong, Development and quantitative 
analyses of a universal rRNA-subtraction protocol for microbial metatranscriptomics. 
ISME J, 2010. 4(7): p. 896-907. 
 
41. Susanti, D. and B. Mukhopadhyay, An intertwined evolutionary history of 
methanogenic archaea and sulfate reduction. PLoS One, 2012. 7(9): p. e45313. 
 
  
 53 
42. Tallant, T.C. and J.A. Krzycki, Methylthiol:coenzyme M methyltransferase from 
Methanosarcina barkeri, an enzyme of methanogenesis from dimethylsulfide and 
methylmercaptopropionate. J Bacteriol, 1997. 179(22): p. 6902-11. 
 
43. Tallant, T.C., L. Paul, and J.A. Krzycki, The MtsA subunit of the methylthiol : 
coenzyme M methyltransferase of Methanosarcina barkeri catalyses both half-reactions 
of corrinoid-dependent dimethylsulfide: Coenzyme M methyl transfer. J Biol Chem, 2001. 
276(6): p. 4485-4493. 
 
44. van der Maarel, M.J., et al., Demethylation of dimethylsulfoniopropionate to 3-S-
methylmercaptopropionate by marine sulfate-reducing bacteria. Appl Environ Microbiol, 
1996. 62(11): p. 3978-84. 
 
45. Vandermaarel, M., M. Jansen, and T.A. Hansen, Methanogenic conversion of 3-
S-methylmercaptopropionate to 3-mercaptopropionate. Appl Environ Microbiol, 1995. 
61(1): p. 48-51. 
 
46. Vandermaarel, M.J.E.C., et al., Anaerobic degradation of 
dimethylsulfoniopropionate to 3-S-methylmercaptopropionate by a marine 
Desulfobacterium Strain. Arch Microbiol, 1993. 160(5): p. 411-412. 
 
47. Vepachedu, V.R. and J.G. Ferry, Role of the fused corrinoid/methyl transfer 
protein CmtA during CO-dependent growth of Methanosarcina acetivorans. J Bacteriol, 
2012. 194(16): p. 4161-8. 
 
48. Wackett, L.P., et al., Substrate-analogs as mechanistic probes of methyl-S-
coenzyme-M reductase. Biochemistry, 1987. 26(19): p. 6012-6018. 
 
49. Wagner, C. and E.R. Stadtman, Bacterial fermentation of dimethyl-beta-
propiothetin. Arch. Biochem. Biophys., 1962. 98: p. 331-6. 
 
 
  
  
 54 
Chapter 3: Biochemical basis for metabolism of 
methylmercaptopropionate in Methanosarcina 
3.1 Abstract 
Genetic and transcriptomic data suggest that mtpC and mtpA are required for methyl 
transfer from methylmercaptopropionate (MMPA) to Coenzyme M(CoM) in 
Methanosarcina. However, it remains to be shown whether MtpC and MtpA are sufficient 
to catalyze the proposed methyl transfer reaction in vitro. Here, MtpA and MtpC are 
purified from Methanosarcina acetivorans C2A, and the enzymatic properties of MtpA 
are characterized. MtpA catalyzes a robust methylcob(III)alamin: mercaptopropionate 
(MPA) methyl transfer reaction, generating equal molar of MMPA and cob(I)alamin. The 
enzyme does not catalyze the methylcob(III)alamin: CoM methyl transfer reaction, nor 
methylcob(III)alamin: DMA methyl transfer reaction, suggesting that MtpA is an MMPA-
specific MT1 methyltransferase. MtpA catalyzed the methylcobalamin:MPA with an 
apparent Km for MPA at 12 µM, kcat at 0.315 s-1. Immunoprecipitation assay of MtpA 
revealed that it co-purifies with MtpC and MtsF, raising the possibility that MtsF is an 
MT2 for the MMPA:CoM methyl transfer reaction.  
3.2 Introduction 
Early work on the biochemical basis for methylotrophic methanogenesis was focused 
on methanol and methylamines metabolism in M. barkeri strain Fusaro [61, 62] and M. 
barkeri MS [10, 16, 17]. In all cases, three components were identified: the first 
methyltransferase (MT1) with high substrate specificity methylates a cognate corrinoid 
protein, which is subsequently demethylated by a second methyltransferase (MT2) to 
coenzyme M (CoM), generating methyl-CoM (Fig. 2.1 panel A).   
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In contrast, the characterized methyltransfer systems for methylated sufur 
compounds include two components: a corrinoid protein subunit and a single 
methyltransferase (Fig. 2.1 panel B and C). Initially, a single 480-kDa corriniod protein 
was identified and purified from acetate-grown M. barkeri MS (DSM800) that carries out 
CoM methylation with either DMS or MMPA [56]. This enzyme is comprised of equimolar 
amounts of two peptides, MtsA (a methylcobalamin:CoM methyltransferase) and MtsB (a 
corrinoid protein). Recombinant MtsA was purified and found to catalyze both half-
reactions of DMS:CoM methyl transfer in vitro [57].  
Previously, we demonstrated that mtpC and mtpA are necessary for MMPA 
metabolism in M. acetivorans. We also proposed that MtpC/A system works analogously 
with MtsA/B [21]. However, this proposal has not been experimentally corroborated, and 
it remains to be seen whether MtpC/A are sufficient to catalyze methyl transfer reaction 
from MMPA to CoM in vitro. Here, I purified and characterized MtpA from M. acetivorans 
C2A. These data indicate that MtpA is an MMPA-specific MT1 methyltransferase. It 
catalyzes the methylcobalamin:MPA methyl transfer reaction with an apparent Km of 12 
µM, and kcat=0.315 s-1. The lower-ligand of the corrinoid of MtpC is B12HBI. 
3.3 Materials and methods 
3.3.1 Strains, media, and growth conditions. M. acetivorans strains were grown in 
single-cell morphology at 37°C using high-salt broth containing either 50 mM 
trimethylamine (TMA) or 20 mM MMPA. Puromycin was added from sterile, anaerobic 
stocks at a final concentration of 2 µg/ml for selection when necessary.  
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3.3.2 Chemicals. Ti (III) citrate was prepared anaerobically from TiCl3 (Zehnder and 
Wuhrmann, 1976). Methylthiolpropionate (MMPA) (Tokyo Chemical Industry Co., Japan), 
and mercaptopropionic acid (MPA) (Sigma, St. Louis, MO) were added from sterile, 
anaerobic stocks at a concentration of 20 mM. Methylcob(III)alamin (Sigma, St. Louis, 
MO) and hydroxocobalamin (Sigma, St. Louis, MO) were prepared as sterile, anaerobic 
stocks at a final concentration of 1 mM.  
3.3.3 Purification of MtpA and MtpC from M. acetivorans C2A. M. acetivorans 
strains were grown to late-exponential phase in 3 L high-salt medium containing either 
20 mM MMPA or 50 mM TMA and 2 µg/mL puromycin. The cells were harvested by 
centrifuge at 5,000 x g for 15 min at 4°C, resuspended in 10 ml sodium phosphate buffer 
(50 mM NaH2PO4, 300 mM NaCl at pH 8.0, and 2 mM dithiothreitol) inside a N2 chamber 
and then sonicated 2 times for 30 seconds. The cell lysate was centrifuged at 15,000 x g 
at 4°C for 30 min to remove unbroken cells and debris. Strep-Tactin Superflow Plus 
(Qiagen) resin was brought into a N2 chamber, loaded onto Poly-Prep® Chromatography 
Columns (Bio-Rad), and equilibrated with 20 ml NPD buffer at 0.5 ml/min. The cell lysate 
was then loaded onto the column and eluted with 30 ml NPD buffer. The protein was 
eluted in four fractions with 0.5 ml Elution buffer (50 mM NaH2PO4, 300 mM NaCl at pH 
8.0, 2 mM dithiothreitol and 2.5 mM desthiobiotin). The protein concentrations were 
measured by Nanodrop 2000 (Thermo Scientific™). Purity was monitored by visual 
inspection of samples subjected to by odium dodecyl sulfate polyacrylamide gel 
electrophoresis (SDS-PAGE).   
3.3.4 Enzyme assays. All assays were performed at room temperature in 1.5 ml 
cuvettes inside an anaerobic chamber containing an atmosphere of 96% N2 and 4% H2. 
Data were collected inside the anaerobic chamber using a fiber optic lead connected to 
Cary 50 UV-Vis Spectrophotometer. Purified proteins were used immediately after 
purification and never removed from the anaerobic chamber.  
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For characterizing the MPA methylation reaction, 1.0 ml reaction mixtures contained 
50 mM Mops/KOH pH 7.2, 100 µM ZnCl2, 150 µM methylcob(III)alamin, 5 mM Ti(III) 
citrate, and 5 µg MtpA. The reaction was started by addition of 150 µM MPA to the 
mixtures in the cuvette. The transition from methylcob(III)alamin to cob(I)alamin was 
monitored by following the increase in absorbance at 540 (e = 4.4 mM-1 • cm -1). The 
presence of two clear isosbestic points at 430 nm and 578 nm indicated that 
cob(II)alamin did not accumulate during the reaction. The apparent kinetic parameters of 
MtpA were investigated by varying the MPA concentration from 7.5 µM to 150 µM. 
Results were repeated in triplicate with three independently purified batches of MtpA. 
The results were analyzed using Origin (OriginLab) and fitted with a nonlinear Michaelis-
Menten algorithm.  
Cob(I)alamin was generated fresh by mixing 150 µM hydroxocob(III)alamin with 5 mM 
Ti(III) citrate. Reaction mixtures contained 150 µM methylcob(III)alamin, 100 µM ZnCl2, 5 
mM Ti(III) citrate, 5.4 µg MtpA and 0 to 5000 µM MMPA in an anaerobic cuvette. 
Reactions was initiated by the addition of 100 µl MPA to the final concentration of 75 µM. 
3.3.5 Analysis of protein-bound corrinoid by Mass Spectroscopy. The corrinoid 
content of protein samples were determined as described by Kremer et al. (1993). Briefly, 
concentrated protein sample (0.5 ml) was mixed with 0.7 ml of 95% ethanol and heated 
to 80°C for 10 min, and the mixture was placed in an ethanol-dry ice bath for 3 min 
before centrifugation at 10, 000 x g for 10 min. The supernatant was dried under vacuum 
with a rotary evaporator and re-suspended in 20 µl of double-distilled water before 
subjecting to analysis using a Bruker UltrafleXtrem MALDI. The measurements were 
made using the reflection mode and the positive ion was recorded.  Samples were 
prepared by mixing 1 µl of samples and 10 µl of the dihydroxybenzoic acid (DHB) matrix, 
made from 20 mg of DHB with 1 ml of 50% acetone. 
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3.3.6 Determination of metabolites. MMPA and MPA were converted to esters 
using ethanol before subject to GC-MS analysis. 100 µl standard samples (pentanoic 
acid was added as the internal control) were mixed with 40 µl pyridine:ethanol (4:1) 
mixture and 60 µl ethylchloroformate for 45 min inside a fume hood. 50 mg NaCl and 
150 µl dichloromethane were added to the mixture before collecting the bottom phase for 
GC-MS. 
3.4 Results 
3.4.1 Isolation of MtpA from M. acetivorans C2A. MtpA was purified to apparent 
homogeneity, as evidenced by analysis of the SDS-PAGE gel (Fig. 3.1). Based on 
numerous preparations, the protein yield is approximately 0.27 mg MtpA per L culture. 
  
 
Figure 3.1. Purification of strep-tagged MtpA from M. acetivorans C2A WWM998. An 
SDS-PAGE (4–20%) gel was loaded with fractions from different steps of protein purification and 
stained by Commassie Blue. Lane 1: whole cell lysate; Lane 2: cell-free extract; 3: flow-through; 4: 
wash; 5: protein standard (molecular masses are indicated in kDa to the right); 6-9: elution 
fractions of MtpA (E1: 0.4 µg; E2: 7.6 µg; E3:1.4 µg; E4: 0.4 µg). Strep-tagged MtpA is 38.7 kDa. 
E2 fraction was used for downstream assay. 
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Figure 3.2. UV-visible spectra scan of methyl transfer reactions. Spectra were gathered at 
30-s intervals from 0 min to 8 min. The diagnostic spectrum shifts at 388 nm and 540 nm (black 
arrows) and isosbestic points at 430nm and 578 nm (red arrows) demonstrate the transition from 
methyl-cob(III)alamin to cob(I)alamin. 
 
3.4.2 MtpA is an MMPA-specific MT1 enzyme. When MPA was provided as a 
methyl acceptor, MtpA catalyzed a robust demethylation of methylcob(III)alamin (Fig. 
3.2); however, no activity was observed when coenzyme M was provided as a methyl 
acceptor, even after prolonged incubations (Fig. 3.3).  
A linear increase in activity was observed at higher protein concentrations. In the 
presence of 150 µM methyl-cob(III)alamin, MtpA displayed an apparent Km for MPA of 
12.2 ± 1.3 µM and a Vmax of 491 ± 12 nmol•min-1•mg-1 MtpA (n=3). kcat=0.315 s-1; kcat/Km 
=2.6 x 104 M-1 s-1 (Fig. 3.4). No activity was observed when heat-denatured enzyme was 
used (data not shown). 
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Figure 3.3. MtpA catalyzes an MT1, but not an MT2 reaction. A. One representative assay 
showing the demethylation of methylcob(III)alamin by MPA in the presense of purified MtpA is 
shown. The arrow shows the moment of addition of MPA.  B. when 2 mM CoM was tested as a 
substrate, no reaction took place in 12 hours. 
 
 
Figure 3.4. Methylcob(III)alamin demethylation catalyzed by MtpA. A. Michaelis-Menten 
kinetics of MtpA. Vmax = 491 ± 17 nmol•min-1•mg-1; Km=12.2 ± 1.3 µM. B. The intitial rate of 
methylcob(III)alamin demethylation is propotional to the concentration of MtpA from 2.7 to 13.5 
µg •ml-1. Rates were determined with 150 µM methylcob(III)alamin, 2.7 to 13.5 µg MtpA, 100 µM 
ZnCl2 and 5 mM Ti(III) citrate. The reaction was monitored as in panel A. 
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Figure 3.5. Stoichiometric demethylation of MethylCbl, consumption of MPA and 
production of MMPA. The methylcob(III)alamin was monitored at 540 nm spectrophotometrically, 
and the conversion of MPA to MMPA was measured by GC-MS.  
 
The ratio of MMPA produced to methylcob(III)lamin and MPA consumed was 
determined to be 1:1:1 (Fig. 3.5), providing strong support for a model of direct methyl 
transfer from methylcobalamin to MPA to generate MMPA. Interestingly, the reverse 
reaction, namely methylation of Cob(I)alamin using MMPA as a substrate, was not 
observed, despite the use of relatively high substrate concentrations (up to 10 mM).  
Nevertheless, the MPA-dependent demethylation of methylcob(III)alamin is inhibited by 
MMPA, consistent with product inhibition of the reaction (Fig. 3.6). Taken together, these 
data show that MtpA is a MMPA-specific MTI enzyme. 
 
Figure 3.6. Product inhibition of MtpA. The methylcob(III)alamin demethylation reaction is 
inhibited by the presence of MMPA. Data shown here are the average of three replicates, and 
error bars denote standard deviation. 
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3.4.3 Pull-down assay showed that MtpA co-purifies with MtpC and MtsF. When 
MtpA was purified from strain DmtpA,	Dhpt::pFH020 (mtpA-C terminus-Strep tag), we 
discovered that it copurified with several additional proteins (Fig. 3.7). Mass 
spectrometric analysis of these proteins identified them as MtpC, MtsF, McrA and McrG.  
  
 
Figure 3.7. Pull-down assay of MtpA revealed that MtpC and MtsF, among other 
proteins, copurify with it. 
 
3.4.4 Identity of the corrinoid cofactor of MtpC. To determine the identity of the 
corrinoid cofactor of the MtpC, we submitted the purified corrinoid cofactor from MtpC for 
High-resolution MALDI analysis. The cofactor was confirmed to be B12HBI, consistent 
with previously reports of corrinoid proteins in methanogens.  
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Figure 3.8. High-resolution MALDI analysis confirmed the identity of the corrinoid 
cofactor of MtpC as B12HBI (structure is shown in inset). The measured value matches the 
predicted value of the chemical formula C60H85CoN13O15P+(M+H); Exact Mass: 1317.535; m/z: 
1317.535 (100.0%), 1318.539 (64.9%), 1319.542 (20.7%), 1318.532 (4.8%), 1320.545 (3.5%), 
1319.539 (3.1%), 1319.536 (2.9%), 1320.543 (2.0%). 
 
3.4.5 Purification of MtpC and MtpA. When both the MtpC and MtpA were purified 
(Fig. 3.9), the purified protein exhibited the characteristic spectrum of Co(II) (Fig. 3.10) 
and was completely inactive in MMPA: CoM methyl transfer. Incubation with 5 mM Ti(III) 
citrate and 0.5 mM methylviologen could not reduce the Co(II) protein to Co(I) state, or 
catalyze the methyl transfer reaction from MMPA to CoM (data not shown). 
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Figure 3.9. Purification of strep-tagged MtpA and MtpC from M. acetivorans C2A 
WWM973. An SDS-PAGE (4–20%) gel was loaded with fractions from different steps of protein 
purification and stained by Commassie Blue. Lane 1: whole cell lysate; Lane 2: cell-free extract; 3: 
flow-through; 4: wash; 5: protein standard (molecular masses are indicated in kDa to the right); 6-
9: elution fractions of protein (E1: 0.2 mg/ml; E2: 2.1 mg/ml; E3:0.5 mg/ml; E4: 0.1 mg/ml). Strep-
tagged MtpA is 38.7 kDa.  
 
 
 
 
 
Figure 3.10. The MtpC as-isolated showed a spectrum of Co(II) with a characteristic 
peak at 480 nm. 
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Table 3.1. Strains used in this study 
Strain Genotype or description Source or 
reference 
WWM897 DmtsDFH,	DmtpCAP [21] 
WWM898 DmtpC,	Dhpt::pFH009 (mtpC) [21] 
WWM899 DmtpA,	Dhpt::pFH010 (mtpA) [21] 
WWM902 DmtpC,	Dhpt::pFH018 (mtpC-C terminus-
Strep tag) 
This study 
WWM903 DmtpA,	Dhpt::pFH020 (mtpA-C terminus-Strep 
tag) 
This study 
WWM973 DmtsDFH,	DmtpCAP / pFH036  This study 
WWM997 DmtsDFH,	DmtpCAP /pFH041  This study 
WWM998 DmtsDFH,	DmtpCAP /pFH042  This study 
 
 
 
 
 Table 3.2. Plasmids used in this study   
Plasmid Description Source or reference 
pJK026A Vector used for expression of recombinant proteins in M. acetivorans C2A [24] 
pJK027A Vector used for construction of complementation of deletion mutants in M. acetivorans C2A [24] 
pAMG40 E.coli-Methanosarcina shuttle vector for retrofitting plasmids [24] 
pFH018 C-terminus strep-tagged mtpC is cloned into pJK027A This study 
pFH020 C-terminous strep-tagged mtpA is cloned into pJK027A This study 
pFH035 Both mtpC and mtpA are strep-tagged at the C-terminus before cloned into pJK026A This study 
pFH036 Fusion plasmid of pAMG40 and pFH035 This study 
pFH041 Fusion plasmid of pAMG40 and pFH018 This study 
pFH042 Fusion plasmid of pAMG40 and pFH029 This study 
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Table 3.3. Primers used in this study 
 
3.5 Discussion 
Our results demonstrate that MtpA is an MMPA-specific MT1 enzyme, and indicate 
that MtsF may be a candidate for the MT2 enzyme. Our results clearly showed that MtpA 
does not catalyze the methylcobalamin: CoM methyl transfer reaction, thus ruling out the 
possibility that MtpA is an MT2 enzyme. This scenario stands in contrast with that of 
MtsA, which, together with MtsB, catalyzes the MMPA:CoM methyl transfer reaction, 
with an apparent Km value for MMPA at 12 µM [56].  
Interestingly, we observed that MtpA catalyzes a robust methylcob(III)alamin: MPA, 
but not an MMPA: cob(I)alamin methyl transfer reaction. Two possible reasons may 
account for this observation. First, this could be due to thermodynamics. The methylation 
of cobalt with a methylated sulfur compounds is predicted to be endergonic, with the free 
energy of DMS:cob(I)alamin methyltransferase reaction estimated to be +17.9 kJ/mol, 
while the free energy for the methylation of CoM with methylcobalamin is -18.25 kJ/mol 
[57]. In our system, where MtpA doesn’t catalyze the methylcobalamin: CoM reaction, it 
is not surprising that the reverse reaction, rather than the forward reaction is more 
Name Sequence Added 
site(s) 
C-tag_MA4164_for  GGCGCGCCCATATGGATGACCTACCGGAAGAAGTCCAG NdeI 
C-tag_MA4164_rev  GGCGCGCCTGCAGGTCATTTTTCAAACTGAGGGTGGGACCAACTCCATC
TCACGCTTTCAGACGG 
SbfI 
C-tag_MA4165_for  GGCGCGCCCATATGGTATCTGAGATGACCTCAAAAGAAAGGGTC NdeI 
C-tag_MA4165_rev  GGCGCGCCTGCAGGTCATTTTTCAAACTGAGGGTGGGACCAAAGCTTAT
CTGCAGACCAGTCAGCTG 
SbfI 
mtpC_tag_rev GTAAAGTTCATTTTTCAAACTGAGGGTGGGACCAACTCCATCTCACGCTT
TCAGACGG 
none 
mtpA_for GAGATGGAGTTGGTCCCACCCTCAGTTTGAAAAATGAACTTTACAGGTGT
TTTTGCG 
none 
mtpA-F02 GGCGCGCCCTCGAGATGGTATCTGAGATGACCTCAAAAGAAAG XhoI 
mtpA-R02 GGCGCGCCGGATCCCAAAGCTTATCTGATCAAAGCTTATCTGC BamHI 
N-tag_MA4164_for  GGCGCGCCCATATGTGGTCCCACCCTCAGTTTGAAAAAGATGACCTACC
GGAAGAAGTCCAG 
NdeI 
N-tag_MA4164_rev  GGCGCGCCTGCAGGCTGTAAAGTTCAACTCCATCTCACGCTTTC none 
N-tag_MA4165_for  GGCGCGCCCATATGTGGTCCCACCCTCAGTTTGAAAAAATGGTATCTGA
GATGACCTCAAAAGAAAGG 
NdeI 
N-tag_MA4165_rev GGCGCGCCTGCAGGACCAAAGCTTATCTGATCAAAGCTTATCTGC none 
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readily observed. In vivo, however, because methyl-CoM is constantly being consumed 
to generate methane, the forward reaction from MMPA to methylcobalamin is favored. 
Second, it could be due to catalytic bias [2]. Previously, it was observed that, in the 
presense of 20 mM methyl-CoM, MtsA/B catalyze the methylation of MPA at the rate of 
0.47 µmol/min/mg, but a slower methylcobalamin:MPA methyl transfer reaction at 26 
nmol/min/mg of protein with 1 mM methylcobalamin and 10 mM MPA [56]. 
The observation that MtsF co-purified with MtpA suggests that MtsF also plays a role 
in MMPA metabolism. Previously, we reported genetic evidence that that MtsD, MtsF 
and/or MtsH are secondary MT1/MT2 systems for MMPA metabolism [21]. However, it 
should be noted that even if this is the case, MtsF could not be the ‘sole’ MT2 that works 
in vivo, because our previous deletion mutant showed that DmtsD DmtsF DmtsH triple 
mutant grows on MMPA as well as wild-type strain. Validation of this hypothesis will 
require experimental evidence.  
The observation that MtpC copurifies with MtpA indicate that MtpC and MtpA form a 
complex. This idea is consistent with the structural prediction of MtpC. Previously, the 
crystal structure of the MtaBC complex of Methanosarcina barkeri explains the structural 
basis for this complex. N-terminal of the subunit mtaC consisting an arm of ca. 25 aa, 50 
Å in length [25], is embedded in a groove formed at the interface between two MtaB 
subunits. A comparison with homologous corrinoid proteins is consistent with the 
importance of these interactions for assembling the MtaBC complex. The corrinoid 
proteins specific for monomethylamine, dimethylamine, and trimethylamine, including 
MtmB, MtbB and MttB [10, 16, 17], lack this extension and are not purified in complex 
with the corresponding methyltransferases [10, 26]. In contrast, the corrinoid protein 
specific for dimethylsulfide, MtsB, contains an N-terminal extension and is purified in a 
tight complex with its methyltransferase, MtsA [57]. Interestingly, MtpC also has this N-
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terminal extension, suggesting that MtpC and MtpA could also form a complex (Fig. 
3.11). 
 
Figure 3.11. Alignment of corrinoid protein highlights the N-terminus difference. The 
MtmC, MtbC and MttC lack the N-terminus arm, while MtaC, MtsB and MtpC have it. The 
cylinders symbol the alpha-helix based on the secondary structure. 
 
Given that microorganism removes the lower ligand of an imported corrinoid and 
replaces it with its functional lower ligand, a process named as corrinoid remodeling [38, 
68], it is of interest to examine whether methanogens shuffle lower ligands for 
metabolism of different substrates. However, our identification of the lower ligand of the 
corrinoid cofactor in the MtpA as B12HBI is inconsistent with this idea. To the best of our 
knowledge, this is the first report of the identity of corrinoid cofactor for methylated sulfur 
compounds metabolism in Methanosarcina acetivorans.  
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Chapter 4: Reductive activation system for corrinoid 
proteins involved in methylated sulfur compounds1 
4.1 Abstract 
Methylotrophic methanogenesis from one-carbon compounds including methanol, 
methylamines and methylsulfides requires a corrinoid protein in which the bound metal 
of the cofactor is maintained in its highly reducing and nucleophilic Co(I) state. Previous 
studies in Methanosarcina bakeri identified a methyltransferase activation protein (MAP), 
and RamA (reductive activation of methyltransfer, amines), that mediate ATP-dependent 
reduction of corrinoid proteins specific for methanol: CoM and methylamines:CoM 
methyl transfer reactions, respectively. RamA is shown to contain a C-terminal 
ferredoxin-like domain capable of binding two tetranuclear iron-sulfur proteins. Genomic 
analysis of M. acetivorans revealed four ramA homologs, but their functions have not 
been experimentally validated. Here, we investigated the in vivo roles of four paralogs of 
ramA in Methanosarcina acetivorans. Our results of mutational analysis show that 
individual ramA homologs display substrate specificity. Thus, ramS2 (MA0849) is 
required for growth on DMS and is also involved in MMPA metabolism. The genomic 
context analysis of ramM (MA4380) support the hypothesis that it encodes the methanol 
specific methyltransferase activation protein, and that ramK (MA3972) may play an 
important role on acetate utilization. This idea is also substantiated by the RNA-seq 
analysis on different substrates.  
 
                                                
1 contribution: ramA homologs deletion mutant construction, growth analysis on methanol and 
methylamines were performed by Dr. Rina B. Opulencia; growth analysis on DMS and MMPA, phylogenetic 
and RNAseq analysis were performed by He Fu; The experiment to test the essentiality of ramA homologs 
(Figure 4.5) was performed by Jun-Kai Zhang. 
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4.2 Introduction 
Methanosarcina spp. that include the sequenced Methanosarcina acetivorans, M. 
barkeri, and M. mazei use the methylotrophic pathway to grow on methylated 
compounds such as methanol, methylamines (reviewed in [29]) and methylsulfides [21, 
30, 59]. In this pathway, one methyl group is oxidized to CO2, producing reducing 
equivalents subsequently used to reduce three additional methyl groups to methane. 
The methyl group enters the pathway as methyl-coenzyme M (CH3-CoM) via the 
cooperative action of an MT1, including a substrate-specific methyltransferase and a 
corrinoid protein, and a second methyltransferases (reviewed in [29]). The first 
methyltransferase catalyzes the transfer of methyl group from the methylated substrate 
to the cognate corrinoid protein. The second methyltransferase then catalyzes the 
transfer of the methyl group from the methylated corrinoid protein to HS-CoM, to form 
CH3-CoM. For methylated thiols such as dimethyl sulfide (DMS), a single 
methyltransferase performing both the methylation of the corrinoid protein and the 
subsequent transfer of the methyl group to HS-CoM was discovered by biochemical [56, 
57] and genetic evidence [44]; a similar pathway was proposed for 
methylmercaptopropionate (MMPA) [21]. 
Corrinoid proteins lie at the heart of methyl-transfer reactions. To act as a powerful 
nucleophile on the methylated substrates, the cobalt (Co) ion of the corrinoid prosthetic 
group must be in its highly reduced Co(I) state. However, the highly reduced 
Cob(I)amide state is extremely sensitive to oxidation, generating an inactive 
Cob(II)amide state (reviewed in [29]). 
In M. barkeri MS, methyltransferase activation protein (MAP) was purified and shown 
to mediate ATP-dependent, reductive reactivation of Co(II) back to Co(I) [13-15, 66, 67]. 
Methylamine:CoM methyltransfer reactions are also strictly dependent on ATP and on 
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another uncharacterized protein fraction, the function of which can be replaced by MAP 
[66, 67]. However, activities of MAP on methylamine-specific methyltransferase require 
addition of another protein fraction that may contain proteins other than MAP [14, 66]. In 
contrast, RamA (reductive activation of methyltransfer, amines), identified and purified to 
near homogeneity from M. barkeri MS, is required for in vitro ATP-dependent reductive 
reactivation of monomethylamine (MMA), dimethylamine (DMA) and trimethylamine 
(TMA) methyltransfer reactions [18]. Unfortunately, because the gene encoding MAP 
remains unknown, it is impossible to compare the identity of RamA and MAP. 
Multiple ramA gene homologs were identified in sequenced Methanosarcinaceae 
genomes, including M. mazei, M. barkeri Fusaro and Methanosarcina acetivorans C2A. 
Based on their genomic neighborhood analysis, homologs in M. acetivorans C2A 
including MA0150, MA0849, MA3972 and MA4380 were designated as RamA, RamX, 
RamK and RamM [18]. Here, we provide a more detailed phylogeny analysis of ramA 
homologs in Methanosarcina. Our genetic analysis of mutations in M. acetivorans C2A 
support that RamA is required for monomethylamine metabolism and that RamS2 is 
required for DMS and also involved in MMPA metabolism. Transcriptional regulation 
analysis is consistent with these functions.  
4.3 Materials and methods 
4.3.1 Strains, media and growth conditions. Methanosarcina strains used in the 
study are described in Table 1. Methanosarcina strains were grown in single-cell 
morphology [53] at 37° C using high-salt (HS) broth containing one or more of the 
following substrates: 125 mM methanol, 50 mM TMA, 50 mM DMA, 50 mM MMA, 120 
mM acetate, 20 mM MMPA, 20 mM DMS or 20 mM MeSH. Growth on media solidified 
with 1.5% agar was as described [5]. All plating manipulations were carried out under 
strictly anaerobic conditions in an anaerobic incubator as described [41]. Puromycin 
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(CalBiochem, San Diego, CA) was added from sterile, anaerobic stocks at a final 
concentration of 2 µg/ml for selection of Methanosarcina strains carrying puromycin 
transacetylase gene (pac) [23, 39]. The purine analog 8-aza-2,6-diaminopurine (Sigma, 
St. Louis, MO) was added from sterile, anaerobic stocks at a final concentration of 20 
µg/ml for selection against the hpt gene. MMPA was purchased from Tokyo Chemical 
Industry Co. (Japan). E. coli WWM3118 and E. coli DH5a l pir (Stratagene, La Jolla, CA) 
were used as hosts for pAB79 and pGK51A derivatives, and pJK301 derivatives, 
respectively. Standard conditions were employed for growth of E. coli strains. 
4.3.2 Construction and verification of deletion mutant strains. The markerless 
deletion method [47] was used to construct deletion mutants of ramA, ramS2, ramK and 
ramM in M. acetivorans C2A (WWM82). The plasmids pRO082, pRO092, pRO093, and 
pRO095 were used to delete ramM, ramA, ramS2, and ramK, respectively. ramK was 
deleted from DramS2 (WWM325) to construct DMA0849DMA3972 (WWM353). ramM 
was deleted from DramK (WWM326), from DramS2 (WWM325) and from WWM353 to 
construct DramKDramM (WWM359), DramS2DramM (WWM360) and 
DramKDramMDramS2 (WWM361), respectively. Except for the DramA mutant, which 
was isolated on methanol, all mutants were isolated on TMA medium. All deletion 
mutants were verified by DNA hybridization experiments. The constructs were confirmed 
correct by PCR and sequencing. 
4.3.3 Measurement of growth characteristics. To determine the growth 
characteristics of mutants on various methanogenic substrates, 0.2 ml of TMA-grown 
mutant cells or methanol-grown ∆ramA cells (OD600nm = 0.48-0.52) was inoculated into at 
least triplicate tubes each containing 10 ml of HS medium containing one of the following 
substrates: 50 mM TMA, 125 mM methanol, 50 mM DMA, 50 mM MMA or 120 mM 
acetate. To measure growth on MMA, cells were adapted once from TMA (from 
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methanol in the case of ∆ramA) to MMA (ca. 4 generations). All tubes were incubated at 
37ºC. Growth was monitored by measuring light scattering at 600 nm using a Bausch 
and Lomb Spectronic 21. Strains were pre-adapted ca. 4 generations on each medium 
before inoculation for growth measurements, with the exception of DMS and MMPA, 
where strains were pre-grown on TMA before inoculation for growth measurements. 
M. acetivorans strains carrying tet-regulated genes were grown on the indicated 
methanogenic substrate in presence of tetracycline for at least 15 generations. To 
remove tetracycline, cells were washed three times by pelleting the cells by 
centrifugation and subsequently resuspending the cells in HS-medium. Pre-adapted 
cells grown in presence of tetracycline (100 µg/ml) were washed, serially 2-fold diluted 
and spot inoculated on 0.22 mm sterile nylon membrane (GE Water and Process 
Technologies, Trevose, PA) placed on sterile filter blotting paper saturated with the liquid 
growth substrate. Growth was observed on various methanogenic substrates in 
presence and absence of tetracycline.  
4.3.4 RNA-seq analysis. M. acetivorans strains were adapted to different growth 
media for at least 30 generations prior to RNA isolation. The total RNA was isolated from 
early exponential-phase cultures using TRIzol (Invitrogen, Carlsbad, CA) and Zymo 
Direct-zol RNA miniprep kits (Zymo Research, Irvine, CA). The 16S and 23S rRNAs 
were removed using biotin-labeled 16S and 23S rRNA probes as previously described 
(35). Briefly, 16S and 23S rRNA genes were amplified from M. acetivorans C2A with T7 
promoter-appended primers (see Table S2 in the supplemental material) to allow in vitro 
synthesis of biotinylated antisense rRNA probes, which were then hybridized to total 
RNA prior to removal using streptavidin-coated magnetic beads. Construction and 
sequencing of libraries on the Illumina HiSeq2000 was performed at the W. M. Keck 
Center for Comparative and Functional Genomics at the University of Illinois at Urbana-
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Champaign. Briefly, 50 nanograms of rRNA-depleted mRNA was converted to indexed 
high-throughput RNA sequencing (RNA-seq) libraries with the ScriptSeq version 2 RNA-
seq library preparation kit (Epicentre Biotechnologies, Madison, WI). The libraries were 
pooled in equimolar concentrations and quantified by quantitative PCR (qPCR) with the 
Illumina-compatible KAPA library quantification kit (Kapa Biosystems, Woburn, MA). The 
pooled libraries were sequenced for 101 cycles, plus 7 cycles for the index read, on a 
HiSeq2000 using TruSeq SBS version 3 reagents. The fastq files were generated and 
demultiplexed with Casava 1.8.2 (Illumina, San Diego, CA). Further bioinformatics 
processing was performed using the CLC Genomics Workbench (version 7.0; CLCbio, 
Aarhus, Denmark). fastq files were imported as high-throughput data and trimmed for 
quality (quality, 0.001; ambiguous, 2: discard, min 30, max 100) and to remove adapter 
sequences. After trimming, the remaining reads that mapped to stable RNAs (16S, 23S, 
and 5S rRNA and all tRNAs) were removed (similarity, 0.9; length, 0.85; mismatch, 2; 
insertion, 3; deletion, 3; global alignment and stand-alone read). The remaining reads 
were then mapped to the genome for RNA-seq analyses (similarity, 0.9; length, 0.85; 
mismatch, 2; insertion, 3; deletion, 3; maximum number of hits for a read, 10). The 
mapped reads were normalized using the default settings, and differentially expressed 
genes identified using empirical analysis of differential gene expression (EDGE test) (36). 
Genes showing fold expression changes greater than 4 or less than −4 with P values of 
<0.01 were considered to be differentially expressed. 
4.3.5 RNA-seq data accession number. The raw and processed RNA-seq data 
have been deposited in the Gene Expression Omnibus (GEO) under the accession 
number GSE64349 [21]. 
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4.4 Results 
4.4.1 In silico analysis of ramA homologs. Using the M. barkeri ramA (18) as query 
sequence, four homologs of ramA were identified in the genome of M. acetivorans C2A 
(Fig. 4.1), including MA0150, MA0849, MA3972 and MA4380, which we designated as 
ramA, ramS2, ramK and ramM, respectively, in alignment with a previous report [18].  
 
Figure 4.1. Genomic organization of ramA homologs in M. acetivorans C2A. The general 
protein families were color-coded based on annotations found in the published genome sequence. 
 
The ramA homologs are conserved among Methanosarcina species. Phylogenetic 
analysis of all the homologous proteins in sequenced Methanosarcina species revealed 
discrete branches for each paralog, suggesting distinct role for each clade (Fig. 4.2). 
Except for MA3972, which is located within genomic neighborhoods whose function are 
unclear, the remaining ramA homologs are located adjacent to genes that encode 
corrinoid proteins and cognate methyltransferases. Consistent with their proposed 
involvement in electron transfer reactions, all RamA homologs possess two conserved 
motifs in their C-terminal domain (CX2CX2CX3CP and CX4CX2CX3CP) that bind 
tetranuclear iron-sulfur clusters (Fig. 4.3). These genes also share a conserved ATP-
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hydrolyzing domain that supports the ATP-dependent activity of their protein products, 
including a highly conserved aspartate residue observed in a previous report [18]. 
 
 
Figure 4.2. Phylogeny of ramA homologs in Methanosarcina. Homologous proteins from 
thirty sequenced Methanosarcina genomes were retrieved and analyzed using the ITEP 
bioinformormatics tools. Clusters of orthologous genes were generated in ITEP using MCL 
clustering with stringent parameters. Protein alignments were then generated with CLUSTALW 
prior to construction of phylogenetic trees using FastTree using WAG model of evolution. 
Substrate-specific clades were identified based on the inclusion of biochemically or genetically 
characterized proteins. Ferredoxin (Cthe_2787, GenBank accession number YP_001039179) 
from Ruminiclostridium thermocellum ATCC 27405 was used as an out-group to root the tree 
(shown in asterisk). 
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Figure 4.3. ClustalW alignment of RamA and its aralogs from M. acetivorans C2A. The 
cysteines that form the ferredoxin binding signatures for Fe4S4 clusters are indicated in red. A 
highly conserved aspartate residue that is part of the MgATP binding pocket as observed in 
xylulose kinase is indicated in teal. Alignment was determined using ClustalW (1.81) at 
http://seqtool.sdsc.edu. 
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4.4.2 Construction and characterization of ramA mutants. To determine the in 
vivo roles of ramA homologs, we constructed a suite of mutants lacking one, two or three 
homologous genes and examined their growth characteristics on various substrates. All 
mutants were indistinguishable from the parent in terms of doubling time when grown on 
methanol, TMA, DMA and acetate (Table 2). However, DramA lost its ability to grow on 
MMA, and all mutants lacking ramS2 lost their ability to grow on DMS (Table 2, Fig. 4.4). 
Moreover, mutants lacking ramS2 were severely impaired during growth on MMPA, both 
in terms of doubling time and cell yield (Tables 2 & 3, Fig. 4.4). Thus, ramA is essential 
for MMA corrinoid protein activation, while ramS2 is essential for DMS corrinoid protein 
activation and also contribute to MMPA corrinoid protein activation. 
 
Figure 4.4. RamS is essential for growth on DMS, and contributes to MMPA metabolism. 
In panel A, growth of Wild-type strain (solid circles) and DramS2 (solid triangles) is shown on 
DMS media. In panel B, growth of Wild-type strain (solid circles) and DramS2 (solid triangles) is 
shown on MMPA media. Error bars represent the standard deviation of triplicate cultures. 
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4.4.3 Essentiality of ramA homologs for growth on various substrates. Several 
attempts to construct multiple mutations within a DramA background failed, indicating 
that ramA is essential or may have combinational effects with its paralogs. To address 
this possibility, we constructed a suite of mutants where the native promoter of ramA 
was replaced with tetracycline-regulated PmcrB(tetO3), thus ramA could be turned on/off 
depending on presence/absence of tetracycline [24]. 
The PmcrB(tetO3)ramADramS2DramK mutant grew on methanol medium, regardless 
of presence of tetracycline (Fig. 4.5), suggesting that RamM is sufficient to support 
growth on methanol. Similarly, the PmcrB(tetO3)ramADramS2DramM mutant grew on 
methanol medium, regardless of presence of tetracycline (Fig. 4.5), suggesting that 
RamK is sufficient to support the growth on methanol. Moreover, 
PmcrB(tetO3)ramADramS2DramKDramM grew three order of magnitude better with the 
presence of tetracycline than without, suggesting that RamA is also sufficient to support 
the growth on methanol. In contrast, PmcrB(tetO3)ramADramKDramM showed three 
order of magnitude better growth with tetracycline than without, suggesting that RamS, 
by itself, is not sufficient to support the growth on MeOH. Similar results were observed 
with TMA, DMA and MMA medium (Fig. 4.5), suggesting that RamM is sufficient to 
support the growth on TMA, DMA and MMA, and that RamK also contribute to the 
growth TMA, DMA and MMA, albeit less effectively than RamM. RamS2, however, 
seems to be not involved in TMA, DMA or MMA metabolism. We also observed that 
RamM and RamK, but not RamA or RamS, contribute to growth on acetate (Fig. 4.5). 
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Figure 4.5. Essentiality of ramA homologs for growth on various substrates. Deletion 
mutants were tested on different substrates, under conditions with or without tetracycline. Each 
row represents a serial 10-fold dilution. MeOH, methanol; TMA: trimethylamine; DMA, 
dimethylamine; MMA, monomethylamine.  
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4.4.4 Substrate-dependent regulation of ramA homologs. To investigate potential 
regulations of ramA homologs, we reanalyzed previously published RNA-seq data of M. 
acetivorans C2A grown on different substrates [21]. Compared to the mRNA abundance 
on MeOH and acetate, ramS2 is moderately up-regulated on TMA and MMA, but highly 
upregulated on DMA (Tables 4); however, the up-regulation, as we noted previously [21], 
occurs on DMS-, MeSH- and MMPA-grown M. acetivorans C2A (Table 4). The gene 
ramA is 2-fold upregulated on MMA versus on TMA, MeOH or acetate, and down-
regulated on methylated sulfur compounds (Table 4). Interestingly, the mRNA 
abundance of ramK is higher on acetate than on other substrates. Finally, the mRNA of 
ramM is more abundant on MeSH than on other substrates. 
4.5 Discussion 
Phylogenetic analyses suggest that RamS homologs can be divided into two groups, 
namely, RamS1 and RamS2. The ramS1 is mainly found in M. barkeri strains, locating 
adjacent to genes encoding a corrinoid protein and mtsA (19). The ramS2, however, is 
located ca. 25 kbp from MtsD, a primary corrinoid/methyltransferase fusion protein 
involved in DMS metabolism [44]. Because we previously shown that mtsD is essential 
for growth on DMS [21], we speculate that that RamS2 may affect DMS metabolism by 
activating the MtsD protein. We also noticed that strains present in RamS2 clades (Fig 
2), including M. siciliae, M. lacustris, M. sp. MTP4 & M. naples 100 also encode mtpCAP 
operon.  It is conceivable that the effect of ramS2 on MMPA is mediated by mtsD or 
mtsF, or both; reminiscent of the phenotype of mtsDFH mutant on MMPA, as we noted 
before [21]. Another possibility is that RamS2 works directly on MtpC, based on the 
observation that RamS2 is most highly upregulated on MMPA than DMS (Table 4).  
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Based on its genomic context, it is likely that ramM encodes MeOH specific corrinoid 
protein activator. Nevertheless, ramM is not significantly differentially expression on 
MeOH compared to other substrates.  
The mRNA abundance of ramK was ca. 4-fold upregulated on acetate than all the 
other substrate, suggesting the possibility that RamK is involved in acetate utilization. 
Previous proteomic and microarray analysis showed that RamK is 8-fold upregulated on 
acetate relative to methanol [34, 35], consistent with our RNA-seq analysis here. The 
Co/Fe-S component of the multi-enzyme acetyl-CoA decarbonylase/synthase (ACDS), 
which carries out the overall synthesis and cleavage of acetyl-CoA during 
methanogenesis from acetate, contains corrinoid cofactor [1]. It is likely that the iron-
sulfur clusters of RamK reductively activate the corrinoid component in ACDS. 
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Chapter 5: Failed experiments, the road not taken, and 
other lessons learned 
 
5.1 How to smoothly change diet of methanogens from MeOH 
to MeSH? 
It is widely observed that when micrboes are transferred from one growth substrate to 
another that there is a delay before growth commences. This delay is known as the lag 
phase, when cells are postulated to re-balance their regulators, catabolic genes and 
enzymes to adapt to new conditions. The length of this transition phase varies 
depending on how different its original environment from the new one. In the case of 
methanogens, transitions from growth on TMA to MeOH, or vice verse, take a couple of 
days. Transition from TMA to acetate might take up to three weeks. 
This turned out to be the case when I first tried to characterize the growth phenotype 
of methanogens on MeSH. Because M. acetivorans C2A is capable of growth on DMS, it 
was assumed to be able to grow on MeSH, an intermediate of DMS metabolism, as well. 
However, no report on growth of M. acetivorans C2A on MeSH as the sole substrate 
was available. In our lab, methanogen strains are commonly passed on HS/MeOH or 
HS/TMA media, thus we tried inoculum pregrown on both TMA- and MeOH-grown 
cultures to HS/MeSH medium, but to no avail. For two months, both the wild-type strain 
and deletion mutants failed to grow on High-Salt (HS) medium with MeSH as the sole 
substrate (abbreviated as HS/MeSH) after numerous attempts.  
A different strategy was then employed. M. acetivorans C2A were first grown on HS 
supplemented with MeOH and MeSH(HS/MeOH+MeSH) before they were transferred 
into HS/MeSH. In an initial experiment, M. acetivorans C2A were first acclimated on 
HS/MeOH+MeSH for five generations before inoculation into HS/MeOH (12.5 mM) with 
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and without 10 mM MeSH. When grown on HS/MeOH (12.5 mM) alone, the maximum 
OD600 of strains was around 0.18; however, in HS/MeOH+MeSH, the maximum OD600 
reached 0.24 (Fig. 5.1). The increase of growth yield on MeOH+MeSH indicated that 
MeSH and MeOH were both metabolized by deletion mutants. In subsequent 
experiments, deletion mutants were transferred from HS/MeOH+MeSH into HS/MeSH 
where MeSH is the sole carbon and energy source, and, indeed, all mutants were able 
to grow on MeSH and to produce methane (Fig. 2.6). 
This experiment might seem to be trivial to an expericed microbiologist, but it is the 
first step towards showing that both wild-type strain and deletion mutants grow on MeSH, 
thus refuting our initial hypothesis that mtpCAP is involved in metabolism of MeSH. In 
hindsight, however, it enabled me to think independently and critically about this project; 
it is from this moment that this is no longer my advisor’s project, but my project.  
 
Figure 5.1. Growth yields of M. acetivorans C2A on HS medium supplemented with 
MeOH or MeOH+MeSH. Asterisk denotes statistical significance (paired t test p=9.3E-10) 
between growth yield on MeOH alone and mixture of MeOH+MeSH. 
 
* 
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5.2 Attempts to elevate high-salt medium to pH 8.2 
Bioinformatics analyses suggested MtpP was a major facilitator superfamily protein. 
Since MtpC and MtpA are required for MMPA metabolism, I hypothesize that MtpP is a 
transporter for uptaking MMPA, probably the protonated version of MMPA, because a 
charged ion is not permeable with the hydrophobic membrane. 
The pKa of MMPA is estimated to be 4.7; in the condition of high-salt medium 
(pH=6.8), the protonated form of MMPA accounts for about 1 percent. Therefore, with 20 
mM MMPA in the medium, 200 µM are readily available for methanogens to use. While 
MMPA is being consumed by methanogens, the equilibrium between deprotonated and 
protonated MMPA would be constantly shifted towards the protonated form. This may 
explain why MtpP seems to be indispensable for growth on MMPA in our experiments. 
Therefore, to rigorously test the idea that MtpP is a transporter for MMPA, it is 
necessary to lower the concentration of protonated form of MMPA, while still providing 
sufficient substrate to allow a growth yield that could be quantified by optical density.  
The experiment we designed is to elevate the pH of high-salt medium to 8.2, which is 
reported to be the natural pH of ocean water. If this worked, the ratio of protonated 
MMPA versus deprotonated MMPA would be lowered 40 fold, i.e, the constant 
concentration of MMPA would be 5 µM. In this case, the requirement of MtpP for MMPA 
metabolism would become more obvious to be visible. By varing the concentration of 
NaHCO3 to 50 mM, it is possible to elevate the pH to 8.2. Unfortunately, when Ca2+ or 
Mg2+ were introduced, some precipitations never re-dissolved after a month. By 
examining each component carefully, I think the precipitation may be hydroxylapatite, 
Ca5(PO4)3OH (Ksp=6.8 x 10-37), or Mg5(PO4)3OH. 
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5.3 A cryptic RNA secondary structure discovered from 
RNAseq 
When all the M. acetivorans C2A mRNA reads from MMPA-grown culture were 
mapped to the whole genome, a sharp “peak” was immediately noticed at the 3’ end of 
mtpCAP operon, upstream of msrH gene. In fact, it was the most prominent RNA read 
isolated from MMPA-grown culture (Figure 2.9). Thus, we took a closer look at the 
corresponding region. Two things became obvious: first, this region is conserved among 
all the genomes that encode the mtpCAP-msrH gene cluster; second, the mRNA form 
stable secondary structures based on prediction (Fig. 5.2).  
  
Figure 5.2. The intergenic region between mtpP and msrH encodes a putative stable 
RNA secondary structure. The sequence corresponds to the ‘peak’ shown in Fig. 2.9. The 
heatbar shows the probability of predicted base-paring, based on minimum free energy (MFE). 
RNA structure is predicted using http://rna.urmc.rochester.edu/RNAstructureWeb 
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It is conceivable that these RNA reads are simply more stable. Otherwise, it is 
conceivable that these stable RNAs have some physiological functions, such as 
riboswitches for MMPA detection or regulation. Alas, due to limit of time and dedication 
to protein purification and enzyme assay, I decided not to pursue this possibility. 
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Chapter 6: Summary and future directions 
 
6.1 Summary 
Together, this work elucidated the molecular mechanisms of how methanogens 
metabolize methylated sulfur compounds from DNA to RNA to protein levels. We 
identified the genes that are necessary for MMPA metabolism. Moreover, we also 
reanalyzed the functions of MtsD, MtsF and MtsH. This work established firm evidence 
for future ecological studies in the ocean or other habitats where methanogens play a 
role.  
6.2 Future directions  
As this project draws to close, several future directions could be envisioned: 
To further explore the ecological implications of metabolism of methylated sulfur 
compounds by methanogens to the global sulfur cycles:  
a) How widespread are mtpCAP genes among methanogens?  
b) How is MMPA and DMS production and consumption be regulated or orchestrated 
by methanogens? What other regulation signals trigger the ‘switch’ from one substrate to 
another? 
To further explore the molecular mechanisms of MMPA and DMS metabolism: c) Is MtsF 
a MT2 for MMPA metabolism? What are the substrate ranges of MtsF? 
d) What is the physiological role of MtsH? 
e) How is MMPA metabolism connected with the function of hdrABC?  
